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Abstract

Stereoselective oxygenations play a crucial role in the chemical and pharmaceutical industry
since the biological activity of a compound can be dictated by a single stereogenic center.
Performing such oxygenations with O2 or H2O» as oxidants would be desirable from an
ecological perspective because they possess the highest O atom economy and form H>O or
H>0O; as only by-products. However, appropriate catalysts are required to direct the
selectivity of oxygenation reactions. For the development of such catalysts, a biomimetic
approach based on Cu-enzymes is promising, since they carry out catalytic and
stereoselective oxygenations under ambient conditions, using O2 or H>O> as oxidants. This
research is focused on the development of Cu-mediated enantioselective oxygenations using

0O and H»0; as oxidants, based on the knowledge gained from enzymatic models.

The first approach to reaching enantioselective Cu-mediated oxygenations is described in
Chapter 3.1. A chiral ligand in combination with Cu' and O> was used for the formation of
a chiral Cu-O intermediate, which was proposed to oxygenate an external substrate
enantioselectively. The stoichiometric oxygenation of thioanisole was observed. However,
enantiomeric ratios (er’s) of only 52:48 were reached. Studying the intermediates involved
in this reaction helped understand how ligand design, i.e. chelate ring size, dictates if an
intramolecular or intermolecular oxygenation occurs. This knowledge can be applied in the

design of novel ligands for Cu complexes in the future.

In Chapter 3.2 the second approach, enantioselective intramolecular oxygenations with
chiral directing groups, is described. Using Cu' in combination with O, resulted in the
isolation of (R)-1-acetyladamant-2-ol with er’s up to >99:1 and yields up to 37%. The
product represents a rare example of enantiopure 1,2-difunctionalized adamantanes which
have potential pharmaceutical applications. Low-temperature stopped-flow UV-vis studies

revealed that the reaction proceeds via a Cu'"

bis(p-oxido) intermediate. In contrast, using
Cu" in combination with H>O, resulted in lower er’s of 72:28, but higher yields of up to
63%. This study demonstrates that Cu-mediated oxygenations with the green oxidants O>
and H>O; can be carried out enantioselectively. The knowledge gained on the important
parameters that influence the yield and er in such reactions, e.g. choice of directing group
and oxidative conditions, can be used in the future for the development of a catalytic variant

of the reaction.
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Zusammenfassung

Stereoselektive Oxygenierungen spielen in der chemischen und pharmazeutischen Industrie
eine entscheidende Rolle, da die biologische Aktivitét einer Verbindung durch ein einzelnes
stereogenes Zentrum bestimmt werden kann. Solche Oxygenierungen mit Oz oder H>0> als
Oxidationsmittel wiren aus okologischer Perspektive wiinschenswert, da diese die hochste
O-Atomokonomie aufweisen und H,O bzw. H>O» als einzige Nebenprodukte bilden. Um die
Selektivitdit von Oxygenierungen zu steuern, sind jedoch geeignete Katalysatoren
erforderlich. Fiir die Entwicklung solcher Katalysatoren ist ein biomimetischer Ansatz auf
Basis von Cu-Enzymen vielversprechend, da diese unter milden Bedingungen katalytische
und stereoselektive Oxygenierungen durchfiihren und Oz bzw. H20: als Oxidationsmittel
nutzen. Diese Forschung konzentriert sich daher auf die Entwicklung Cu-mediierter
enantioselektiver Oxygenierungen, unter Verwendung von O und H>xO; als

Oxidationsmittel, basierend auf den Erkenntnissen aus enzymatischen Modellen.

Der erste Ansatz zur Erreichung enantioselektiver Cu-mediierter Oxygenierungen wird in
Kapitel 3.1 beschrieben. Ein chiraler Ligand in Kombination mit Cu' und O> wurde zur
Bildung eines chiralen Cu-Oz-Intermediats verwendet, von dem angenommen wurde, dass
es ein externes Substrat enantioselektiv oxygenieren kann. Die stochiometrische
Oxygenierung  von  Thioanisol ~ wurde  beobachtet. Allerdings ~ wurden
Enantiomerenverhéltnisse von lediglich 52:48 erreicht. Die Untersuchung der zugrunde
liegenden Intermediate half zu verstehen, wie das Liganden-Design, in diesem Fall die
Chelat-RinggroBe, bestimmt, ob eine intramolekulare oder intermolekulare Oxygenierung
auftritt. Dieses Wissen kann in der Zukunft beim Design neuartiger Liganden fiir Cu-

Komplexe angewendet werden.

In Kapitel 3.2 wird der zweite Ansatz, die enantioselektiven intramolekularen
Oxygenierungen mit chiralen dirigierenden Gruppen, beschrieben. Die Verwendung von Cu'
in Kombination mit O, fiihrte zur Isolierung von (R)-1-Acetyladamant-2-ol mit einem
Enantiomerenverhéltnis von bis zu >99:1 und einer Ausbeute von bis zu 37%. Das Produkt
stellt ein seltenes Beispiel enantiomerenreiner 1,2-difunktionalisierter Adamantane dar,
welche potenziell pharmazeutische Anwendungen haben. Mittels Tief-Temperatur Stopped-
Flow UV-vis Spektroskopie konnte gezeigt werden, dass die Reaktion iiber ein Cu'" bis(u-
oxido) Intermediat verlduft. Im Gegensatz dazu fiihrte die Verwendung von Cu!' in

Kombination mit H>O; zu einem niedrigeren Enantiomerenverhéltnis von 72:28, aber

III



hoheren Ausbeuten von bis zu 63%. Diese Arbeit zeigt, dass Cu-mediierte Oxygenierungen
mit den griilnen Oxidationsmitteln Oz und H>O» enantioselektiv durchfiihrbar sind. Die
gewonnenen Erkenntnisse iiber die wichtigen Parameter, welche die Ausbeuten und
Enantiomerenverhéltnisse beeinflussen, z.B. die Wahl der dirigierenden Gruppe bzw. der
oxidativen Bedingungen, konnen kiinftig fiir die Entwicklung einer katalytischen Variante

der Reaktion genutzt werden.
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Introduction

1 Introduction

1.1 Enantioselective Oxygenations as Key Technology

Oxidations and oxygenations are among the most industrially relevant reaction types and
make up 20% of all processes in the chemical industry value chain, which equals
approximately 600 million tonnes of chemicals produced via oxidation and oxygenation
reactions annually.l!! These reactions are mainly used for the functionalization of
hydrocarbons to form more useful synthetic building blocks or functional materials.!'! Thus
far oxidations and oxygenations are often carried out using oxidants such as HNO3, H2SOg,
Clz, CrOs, and H203, of which the first four produce toxic waste.!”) It would be much more
desirable to use O» gas as the greenest and cheapest available oxidant® or H>O», which
produces only water as a by-product. Furthermore, H>O> has better handling properties for
industrial applications as an aqueous solution, compared to O,.1*! Using O» as an oxidant can
also be economically viable in large-scale productions when an annual production of 10%-
10° tonnes is surpassed, depending on the product.’) An example of such a historically
relevant industrial oxidation using O as an oxidant is the Wacker-Hoechst process for the

production of acetaldehyde from ethylene (Scheme 1).

Wacker-Hoechst process net reaction

050, 2culcl  [Pd'Clg> H,0+CuH, C2Ha*0.50; = CHCHO

L ks

I S N e t-

Scheme 1. Wacker-Hoechst process as an example of a historically relevant industrial

oxygenation using Oz as an oxidant.[*]

One class of such oxidation/oxygenation reactions is the direct functionalization of un-
activated C—H bonds (C—H activation),!!! which are often relatively inert due to their high
bond dissociation energy, e.g. 105.0 kcal/mol for methane.’”) However, such direct C-H
activations carry a high economic and ecological potential in the large-scale production of
more complex organic molecules, such as pharmaceuticals, food chemicals, and agricultural
chemicals, since they can substitute traditional expensive multistep functionalizations that
produce waste in each step.["*7! A concise example is the production of pharmaceuticals in

which up to 100 times more waste is generated than the target compound.®
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multistep functionalization

R-H ~—=, R-FG' — R-FG?

C-H activation T

Scheme 2. Substitution of traditional multistep functionalizations (top) by C—H activation.®’

FG = functional group

Moreover, the modification of a single specific position of a molecule is often crucial for its
biological activity.[’ Therefore, pharmaceutical research can utilize C—H activation for late-
stage diversification of lead compounds.l”!”) This enables rapid screening of analogues,

191 Such a rapid

related to the lead compound, regarding their pharmacological activity.
diversification would give faster access to viable drug candidates and accelerate the
upstream drug development process. Even though the toolbox of efficient C—H activation
reactions is growing, they are often met with issues such as scalability, harsh conditions, or
narrow substrate scopes, making it clear that further development is required.”®! Additionally,
pharmaceutical production is highly reliant on enantiomerically pure compounds.
Enantiomers are molecules that are not superimposable with their mirror image and
biological activity can solely rely on a single stereogenic center. This is demonstrated by the
thalidomide tragedy in the late 1950s and early 1960s.!'!! Thalidomide was prescribed as a
racemic mixture to pregnant women as a sedative. It was soon recognized that babies
delivered by women who were given thalidomide during early pregnancy show a significant

increase in congenital abnormalities'!'!) and later discovered that only (R)-thalidomide has

sedative effects and that (S)-thalidomide acts teratogenic.!'>!3!

(S)-Thalidomide (R)-Thalidomide influence of single stereogenic center
O O O O . .
NH NH - (R) enantiomer acts sedative
A o N o - (S) enantiomer acts teratogenic
o o
Scheme 3. (S)- and (R)-thalidomide and their effects.!!*!*]

This event drove the development of enantiomerically pure pharmaceuticals, which is
reflected in the fact that chiral drug approval increased from 58% to 75% between 1992 and
2006, and enantiopure compounds reached a global trade volume of 123 billion USD in
2000.1'* Furthermore, 6 out of the 15 worldwide most sold pharmaceuticals in 2017, i.e. $5-

10 billion annual net sales each, are based on chiral synthetic compounds. ['* This underlines
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the growing significance of enantioselective functionalizations for pharmaceutical

production.!3!

In addition to the previously described problems, C—H activation reactions often use toxic
and expensive precious metals, e.g. Pd, Ir, Rh, and Ru.!%!®! These could be substituted by
Cu, which is not only able to activate O and H>O», but is also much cheaper and has a higher
tolerable concentration in pharmaceuticals.!®! Ultimately, the development of Cu-mediated
enantioselective oxygenations using Oz or H2O; as green oxidants would bring significant
ecological and economic advantages to the chemical- and pharmaceutical industry. The best-
performing O activating catalysts known today are Fe- and Cu-containing enzymes, of

which the latter will be discussed in the following chapter.

1.2 Copper Enzymes

Dioxygen usually does not react under ambient conditions with organic compounds, due to
its triplet ground state, which makes the reaction with singlet ground state organic
compounds spin-forbidden.!'”! However, biological systems readily utilize O, as an oxidant
for organic transformations by activation at metal centers, e.g. Fe and Cu-centers.!!”]
Enzymes with Cu in their active site serve multiple roles in biological systems such as
binding, activation, reduction, and transport of Oz and ultimately oxidation or oxygenation
of bioactive compounds (oxidases and oxygenases).!8) These biological processes are
mediated by the Cu/Cu' redox pair.'”) The inner sphere activation of O in biological

systems is accomplished by the formation of so-called “copper dioxygen adducts” (CDAs)

in the active sites.!2021]
LCu + 0, =——= LXCu'LO/O' % LXCu'lO/O\Cu”LX JSETL E]XCu” /- Cu''L,
] LN
tal i OH - ||’O. Ly ||/O\ 1l . ’O\
LXCu\O/ LXCu\CI) LXCu\(I)/Cu Ly, = L, o~ =
biological relevance no biological relevance disputed biological relevance

Scheme 4. Examples of mono- and dinuclear copper dioxygen adducts and potential

[22]

equilibria.??l [@forms from a copper dioxygen intermediate by hydrogen atom transfer

(HAT); ®forms from a copper dioxygen adduct by single electron transfer (SET).[**!

Numerous such intermediates are known today, but only a few have been found in biological

systems (Scheme 4).12%2!] The properties and reactivity of the intermediates will be discussed
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in more detail in Chapter 1.3. Historically, Cu-containing enzymes were classified into three

types based on the coordination sphere around the Cu-center and their UV-vis and electron

paramagnetic resonance (EPR) features.['8]

type | type Il

Met ";\S _ . \S}%Met

| IH ;—: I
o ;_S/CU\ LNHIS g ““7(:“!0/0.

His \/QNH

type lll

His HIS NH
HN/% \/(
\ /g\‘Hls
HN/\N . ”,-\\Olu,,_u N =
S

‘“/CU\\C)/C{J \_NH

N =)
f\/)—{ S NH
HN— His His

His

plastocyanin PHM tyrosinase
type Il type Il
OH
20,7 —= 0, + 0% — OH

superoxide dismutase

tyrosinase
2
Cu/ 0, _— OH —> (o)
. \/\NHg
dopamine p-

monooxygenase
catecholox:dase and tyrosmase
)j\ : :|2-|02 transport
R NH 3 0, 0,
amine oxidase hemocyanin

Scheme 5. Examples of coordination spheres of type I (plastocyanin)®, type II

[25] [26]

(peptidylglycin a-hydroxylating monooxygenase, PHM)'">!, and type III (tyrosinase)
copper enzymes and typical transformations catalyzed by type II and type III copper

enzymes.!'8 Active centers are shown in oxidized form.

Crystallographic and spectroscopic advances allowed the classification of new types of Cu
enzymes i.e., seven in total today, but only the traditional three types!'®! and a recently
discovered class of Cu enzymes, the lytic polysaccharide monooxygenases (LPMOs),!*” will

be briefly outlined in the following.

1.2.1 Type I Copper Enzymes

Type I Cu enzymes possess a characteristic cysteine thiolate coordination to the Cu-center
that causes an intense ligand to metal charge transfer (LMCT) in the oxidized state and a

deep blue colour of the enzyme,?8] which is why this type of enzyme is often referred to as
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“blue copper proteins”.1'¥! Furthermore, the Cu-center is coordinated by two histidine and
one methionine ligand, usually in a tetrahedral coordination sphere.['®! In some cases, e.g. in
azurin, an additional weakly coordinated peptide carbonyl from the enzyme backbone is
present, forming a trigonal bipyramidal coordination sphere.*”) Typical representatives of
this type are plastocyanin (Scheme 5), azurin, and amicyanin.['®?*?°! Most type 1 Cu
enzymes are oxidases responsible for outer sphere electron transfers between other

enzymes.['"]

1.2.2 Type II Copper Enzymes

Type II Cu enzymes in their oxidized state have similar EPR features as regular Cu!
complexes, hence they are sometimes referred to as “normal copper proteins”.'8] They
possess a light blue colour in their oxidized form, which is caused by symmetry-forbidden
d-d transitions and not by an LMCT as in type I Cu enzymes.['*) On the one hand, type II Cu
enzymes demonstrate oxidase activity, e.g. superoxide dismutase (SOD),*" which catalyzes
the disproportionation of superoxides to dioxygen and peroxides or amine oxidase (AO),
where O3 is reduced to H0> and an amine is oxidized to an aldehyde (Scheme 5).[202!]
However, in the case of AO the carbonyl oxygen in the product aldehyde is not transferred
from O3, but from a cofactor in the enzyme, which is regenerated by transferring its electrons
in the O reduction process, hence oxidase and not oxygenase activity.?**!] On the other
hand, type II Cu enzymes are also known to show oxygenase activity (Scheme 5), such as
stereoselective hydroxylations by peptidylglycin a-hydroxylating monooxygenase (PHM)
or dopamine B-monooxygenase (DPM).[?>*!1 The stereoselective benzylic hydroxylation of
dopamine to noradrenaline by DBM plays an important role in the physiological regulation
of neurotransmitters.!*”) Both PHM and DM possess two Cu-centers, one coordinated by
three histidine residues (Cup site) and one by two histidine and one methionine residue (Cum
site), with a distance of 11 A between them.!*”! It is generally accepted that the initial step of
the reaction is the formation of a Cu" end-on superoxido complex (ES) at the Cuw site and

[2021] Tn contrast, the Cun

the subsequent formation of a hydroperoxido (Hp) intermediate.
site is believed to be responsible for electron tunneling to the Cuwm site to close the catalytic
cycle.’?) While early kinetic isotope effect studies suggest that Hp formation occurs via
hydrogen atom transfer (HAT) by the superoxide intermediate (Scheme 6),*3! computational

[34

studies indicate that different pathways are possible.**! The subsequent steps leading to

hydroxylation allow various radical recombination scenarios involving for example Cu oxyl
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(Cp) species, leading to five mechanistic scenarios that are currently debated.[*”) However,
it was recently demonstrated that DBM has a dimeric active site in an open form
(Cun—Cum =14 A) and a closed form (Cun—Cum = 4-5 A), which opened the debate around

the involvement of dinuclear intermediates in the catalytic cycle of PHM and DBM.B!

Enantioselective oxygenation catalyzed by PHM Enantioselective oxygenation catalyzed by DM
+ Oy, o + O,,
H _ H _ H NH + oy
_N._Coo™ *2H+2e N __coo 2 _*2H,+2e¢
peptide — > peptide \‘/ i H o
-H20 OH HO
dopamine noradrenalme

Recent evidence for a dinuclear intermediate in PHM and DM

3 - ‘ N
VAN 4 b N Vol AN A Do L
AN L N=NH AN Ly o \NﬂNH
| HN\NH/S L s NN NI s D e N
i Mslte ~----oo-ol il HslteD ) Msite no----ooooo i Hsite
substrate loading/ product unloading catalytically active site
One of the proposed catalytic cycles occuring at Cuy, Recently proposed catalytic cycle for DBM and
site of DBM and PHM via a mononuclear intermediate PHM via coupled dicopper intermediate
R._R multiple steps |, 7TTTTTTTTTT I et
H OXH H e transition to open active site H™, LC ll\ L RXR '
s ’ H,0 }7% : o’ HO” “Hs
; H
R_ _R! T Co
L P : L ‘
LCu"=0O Hg ; 0, b oxygen ‘
0, Lo rebound R\/R'
: o H  Hg !
! ' ' O '
R.__R! 1 . Rl T
7 ! Leu! O b LCu\O/Cu L |
_j/ HR Hs R Rl ! ~0 . | H '
Leu! I ' HAA from R |
s ' 1 [ ‘| I
© R R N - ascorbate C PR B HAA from |
\ 7 LCu™-0- Led! PHL o substrate |
Hs ‘ 0O ed] et ‘
OH - open ‘--------m--- Y ~NA— :
Lo / % — (|_)| :
O H,O multiple steps - _________ T _______ closed -
H*, e transition to closed active site

Scheme 6. General reaction scheme for the enantioselective oxygenations by PHM and DM
(top)?”). Open and closed active sites of the DBM dimer based on the crystal structure
reported by Vendelboe et al. in 2016 (middle).*! Prosed reaction path of PHM and DM
via a mononuclear intermediate (bottom left) [2>%1. Proposed reaction path by Wu et al.

involving a coupled dicopper intermediate (bottom right).¢!
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Recent computational studies indicate that the open active site allows the entry of the co-
substrate ascorbate, which is involved in hydrogen atom abstraction (HAA) by the ES

[31.36] Facile transition into the closed

intermediate to ultimately form the Hp intermediate.
active site is then proposed to allow the formation of the dinuclear reactive species (u-O*)(u-
OH)Cu'Cu" that ultimately performs the hydroxylation (Scheme 6).°¢! The exact reaction

mechanisms of PHM and DM are still disputed and subject to current research.

1.2.3 Type III Copper Enzymes

Type III Cu enzymes have two Cu-centers in their active site which are coordinated by three

h.[2637:38] The enzyme is EPR silent in its oxidized form, due to the

histidine residues eac
antiferromagnetic coupling caused by the O, bridge between the Cu-centers (Scheme 5).'%]
A prominent example of type III Cu enzymes is the O»-transport protein hemocyanin, which
substitutes the Fe-containing hemoglobin in the breathing mechanism of molluscs and
arthropods.?72%) However, besides Oo-transport type III Cu enzymes are also known to
perform oxygenase and oxidase reactions.’*! Tyrosinase catalyzes the aerobic ortho-
hydroxylation of tyrosine to the catechol L-DOPA and the subsequent aerobic oxidation to
L-dopaquinone (Scheme 5).1**] The latter step is also catalyzed by the enzyme catechol
oxidase and both enzymes are classified as polyphenol oxidases (PPOs).*?! In contrast to
catechol oxidase, tyrosinase shows both oxygenase and oxidase activity. The described
reactions are the initial steps of melanogenesis and are followed by the non-enzymatic

[40

polymerization of L-dopaquinone to melanin.[*! Melanins are pigments responsible for the

brown colouration of eyes, skin, and hair, the browning of fruits and play a role in UV light

41,42

protection of the skin and wound healing.[*!**] Various intermediates of the tyrosinase

catalytic cycle have been crystallized and it starts at the reduced form of the enzyme by
activation of dioxygen in the form of a side-on peroxido (SP) complex (Scheme 7).1*6) There
is a consensus that the phenol hydroxylation proceeds by electrophilic aromatic

substitution.!*3] However, it is debated if the SP intermediate is performing the reactions, or

1

if the SP is in equilibrium with a Cu™ bis(u-oxido) (O) species, which ultimately

accomplishes the hydroxylation.?!]
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Scheme 7. Proposed mono- and diphenolase cycle of tyrosinase.[*! Nitrogen atoms belong

to histidine residues and the numbers indicate the position of the residue in the enzyme

starting from the N-terminus.

1.2.4 Lytic Polysaccharide Monooxygenases

The most recently discovered class of Cu-enzymes are the LPMOs, which are responsible
for the oxidative cleavage of the glycosidic bonds in polysaccharides (Scheme 8).14°] LPMOs
are distinct from the classic types of Cu-enzymes, because of a characteristic bis-chelating
N-terminal histidine in the active site, referred to as the “histidine brace”. The histidine brace

possesses an N-methylated imidazole in some fungal LPMOs. ¢!

Together with a second
coordinating histidine, a T-shaped coordination sphere is present in this enzyme class in its
reduced form.*9) The exact mechanism is still debated and the presence of multiple
subclasses of LPMOs could even result in varying mechanisms.*¢! Originally, analogous
pathways as proposed for PHM (Scheme 6) were suspected for LPMOs.!?2!] However, it
was demonstrated that LPMOs can run their catalytic cycle under anaerobic conditions using

H>0> as an oxidant and that LPMOs are able to generate H>O: in the absence of a
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substrate.[*’-% Therefore, the most recent studies indicate that LPMOs generate H,O: from
02 in a cofactor-assisted process first and then activate H>O: for the oxygenation of the C1
or C4 position of a polysaccharide unit.®® Hence, its reactivity can be described as
peroxygenase reactivity.[*>>!] The cofactor is suspected to be ascorbate which reduces the
resting state to start the catalytic cycle and assists the process by making HATs in various

steps possible.[>%!

General function of LPMOs
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Scheme 8. General scheme of the glycosidic bond cleavage by LPMOs (top).*”) LPMO

active site in its superoxide form (left).5?! Proposed catalytic cycle of LPMOs (right).[47:48:5]
1.3 Copper Dioxygen Adducts

As briefly indicated in the previous chapter, Cu activates O and H»O, by forming
intermediates referred to as “copper dioxygen adducts” (CDAs). A plethora of model
complexes have been studied to understand the mechanisms of dioxygen activation by Cu
and ultimately the mechanisms behind enzymatic oxidations and oxygenations.[2-2253:54]
Nowadays, more CDAs are known than indicated in Scheme 4 and Table 1,5 but this

chapter focuses only on the displayed examples.
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Table 1. Examples of characteristic spectroscopic data of CDAs. The spectroscopic data

listed was collected using the ligands below. All intermediates shown were confirmed by

single crystal X-ray diffraction (SC-XRD).[2336.57-5]

UV-vis Raman IR
intermediate name (abbreviation) Alnm olem? (A['®0,]) ©/cm!
O 1 o E
LXCU\O/ n'-superoxido (~S) 442, 690 1117 (58) 1122
i OH 1 :
LXCU\O/ n'-hydroperoxido (Hp) 375, 628, 819 861 (47) /
o)
LXCu”\é' n?-superoxido (S8) 352 1111 (49) 1112
i O~a T
LXCu\O/ Cu'lL, trans-u-1,2-peroxido (TP) 525,615 832 (44) /
I O~a i o T
LxCu\O/- Cu'lL, trans-u-1,2-superoxido (TS) 444 1073 (60) /
.0
LCu'l ! >cu'lly p-n2:n?-peroxido (SP) 338, 530 725 (39) /
L, { ot bis(u-oxido) (O) 324, 448 600 (20) /
Es | | Hp X T X
/Nm/N\ | N | N
N
[ H NTY NS
| Ny tBu_N_N_ N~ N N~
_N N\) N N g | |
Y Y o} = HN ¥
L1 L2 L3

2 iP / \ / \ i
R i r\N NWN N iPr
N

I.

o Bn
7 abes
H=BtN
/N N\ \N/
Bn™ \ / Bn
L4 L5R'=R?=Me Ss
L6 R' = Bu; R2 = Me SP

1
RY/3

NN &Nj
TS |
iPr
L7

CDAs are often short-lived intermediates, but their lifetime can be increased at low

temperatures (—80 °C to —135 °C) to make them spectroscopically detectable.[>*061 T ow

temperatures support the reaction by lowering the entropic cost of formation of a CDA from

O, gas and attenuating the subsequent decomposition.[*?! Although single crystal X-ray

diffraction (SC-XRD) is the most precise method for the characterization of CDAs, multiple

10
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diagnostic spectroscopic features have been found (Table 1), i.e. UV-vis, resonance Raman
(rR), infrared (IR), X-ray absorption spectroscopy (XAS) and extended X-ray absorption
fine structure (EXAFS) spectroscopy features.[?>3340] These allow easier characterization
without necessarily relying on the crystallization of such compounds. CDAs possess highly
covalent Cu-O> bonds, resulting in a charge transfer (CT) that is diagnostic for most
intermediates. Therefore, it is possible to differentiate between TP, SP, and O by UV-vis
spectroscopy, despite them being isoelectronic.[*?! In addition to UV-vis spectroscopy, tR
spectroscopy can be used to confirm the intermediate, since the O-O vibration is indicative
of the oxidation state of 02.1?>>* Furthermore the CuxO» core vibration, Cu-O, and O-O
vibration can be probed by using 30, and measuring the shift of the Raman signal to lower

22541 Mononuclear

wavenumbers in comparison to the signals resulting from '00.
superoxido complexes can also be confirmed using IR spectroscopy.l’’**1 XAS is used to
probe the oxidation state of Cu, which has characteristic 1s—3d transitions for Cu', Cu'" and
Cu''l.[225462] For structural confirmation EXAFS can be used, by measuring the Cu---Cu and
Cu-N/O interatomic distances, which are also diagnostic for the intermediates, e.g. the

average Cu--Cu distance in the O core of 2.80 A vs. the SP core of 3.51 A.[?24]

The first CDA to be characterized by SC-XRD was a TP complex by Karlin and co-workers
in 1988.1%1 They were using the ligand tris(2-pyridylmethyl)amine (tmpa, L3) and
oxygenated its Cu' complex at —85 °C.[%%! Brief heating of the TP complex under vacuum
results in O, de-coordination, which can be reversed by rechilling the solution followed by
the introduction of O, gas (Scheme 9).19! Later the L3-based TP complex was used for
aerobic toluene oxygenations and was assigned a rather nucleophilic character.[®*5°]
Furthermore, the effect of the chelate ring size on CDA formation was studied by
subsequently elongating the spacers between the N and pyridine in L3 by one CHz group to
afford ligands L8 — L10 (Scheme 9) and it was demonstrated that the chelate ring size alters
the reaction significantly, e.g. the destabilization of the ES intermediate when L8 was used
or total diminishment of reactivity towards O, when L10 was used.!® In the decades after
the discovery of the TP complex with L3, the improvement of low-temperature techniques
for sample handling and spectroscopy led to the discovery and SC-XRD characterization of
multiple CDAs using L1 — L7 (Table 1).°>%% The mechanisms of formation and subsequent
reaction of CDAs are determined by kinetic analyses often employing low-temperature
stopped-flow techniques, which allow the rapid detection of short-lived intermediates and

monitoring the temporal evolution of their UV-vis signals.[>3-60:67]

11



Introduction

Reversible binding of O, by L3 and oxygenation of toluene

cooling
7\ //Et +0, m\ Q OH
=N" N7 -2ECN /N ©) ©)
EE—— ||
N

N -0,
S +2 EtCN
/'\{ = heating / ) / up to 40% <5%
L3-Cu' P
Influence of chelate ring size on CDA formation
® ]
N N _N \N
5 6
THevel et
6 6 6 6
S NZ S N7
L10
ES > TP stable Tp > decay reacts with OZ, but no no reactivity towards O,

intermediate detectable
detectable detectable

Scheme 9. Reversible dioxygen binding of the L3-Cu' complex and oxygenation capability
of the resulting TP complex (top).*%* Ligands that were used to study the effect of the
chelate ring size on CDA formation (bottom).[®®! Chelate ring sizes are indicated by the

numbers in the ligands.

Typically, the formation of an ES intermediate is the rate-determining step (rds) followed by

rapid dimerization to a dinuclear CDA, which often does not allow accumulation and

spectroscopic detection of a mononuclear superoxido intermediate (Scheme 10).53:6%]
rds * - 1. order
ki , 0. ke -0~
Ly + 0, — LCul / —— LXCu\I/Cu”LX - 1. order O,
I} © o - ky >> Ky

not detectable

Scheme 10. Example of a kinetic scenario observed for the reaction of Cu! with 0,536

However, kinetic parameters, i.e. the reaction order of one with respect to Cu' and O, are
indicative of the initial formation of a mononuclear superoxido complex prior to
dimerization.!>*%°! Anyhow, other kinetic scenarios, in which superoxido intermediates are
detectable or in which subsequent dimerization is rate determining, are possible, but will not
be discussed in detail in this work.!®*7") Which CDA is formed predominantly depends on
various ligand parameters, such as denticity, chelate ring size, charge, and steric effects, but

also on parameters such as temperature and solvent choice.!*?!
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The Cu' precursor complexes have a 3d'® electronic configuration and their complex

[22] The most common coordination

geometry is determined by steric factors of the ligand.
geometries for such precursor complexes are trigonal monopyramidal, square planar, T- and
Y-shaped, or in some cases linear.?) Tetrahedral Cu' complexes are also common but often
lack inner sphere oxygen activation capabilities, due to the required geometrical
reorganization of the coordination sphere to open a vacancy for O association.??2]
However, tetrahedral complexes with labile ligands, e.g. MeCN or THF, are usually

711 The CDAs resulting from O activation are usually present as

exceptions to this rule.
square pyramidal (P and O with tridentate ligands), square planar (O with bidentate
ligands), or trigonal bypyramidal (ES and TP with tetradentate ligands) complexes.??! The
denticity has a significant influence on which CDA is forming, e.g. tetradentate ligands
almost exclusively form end-on species such as TP and ES complexes, due to the tendency
of Cu' to be five coordinated. In contrast, bidentate ligands almost only form O complexes,

I

due to the inclination of Cu™ to be square planar.??! Anyhow, there are exceptions such as

Me,tmpa, which is a tetradentate ligand and readily forms an O complex.l’?

Tolman and co-workers demonstrated in 1996 that SP complexes can be in equilibrium with
O complexes using 1,4,7-triisopropyl-1,4,7-triazacyclononane (L11) and that the
equilibrium is highly dependent on the solvent.’®! They observed that the O complex forms
in THF and the SP complex in DCM (Scheme 11) and that the addition of the respective
other solvent caused a shift in the equilibrium.*® Furthermore, later studies found that the
equilibrium is altered by ligand parameters, e.g. electron-rich ligands tend to stabilize the
Cu''-center and prefer the formation of O complexes and sterically bulky ligands rather form
SP complexes, due to the greater Cu-Cu distance of SP complexes in comparison to O
complexes.[?2°*73-73] Computational studies indicate that the SP/O equilibrium can be the
rds followed by rapid oxygenation of a substrate by the resulting O complex in C—H
activation reactions.’®! In such a scenario the SP complex would be spectroscopically
observable, but the O complex would be the actual oxidizing species and not be
spectroscopically observable due to rapid consumption in the C—H activation step.[’®! This
finding indicates that many oxygenations that were assigned to SP intermediates could in
reality be performed by O intermediates instead, which brought up in the discussion of the

potential role of O intermediates in nature.?!]
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Solvent effect on SP/O equilibrium
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Scheme 11. Examples of parameters that are influencing the SP/O equilibrium.%73-73

Despite the problem of rapid dimerization of S intermediates, the crystallization and
characterization of such a complex was achieved in 2006 by using the sterically bulky and
superbasic ligand tris(tetramethylguanidino)tren (TMGstren, L1).*°!1 The resulting ES
complex showed reversible dioxygen binding as previously observed for the TP complex
with L3.5% Furthermore, it was observed that the addition of an H atom source, e.g. 1-
hydroxy-2,2,6,6-tetramethylpyperidine (TEMPO-H), causes the formation of a Hp
intermediate that undergoes intramolecular ligand hydroxylation (Scheme 12).I7”! This was
also observed when the Cu" complex with L1 was used and H,0> was added together with
NEt3.771 It is thought to be reminiscent of a monooxygenase-like reaction, with reaction steps
analogous to PHM.U””) The superoxide without an H atom source did not show such
reactivity.l”’l A recent study investigated the reaction of [Cu'(LL1)]* with anhydrous H,O,
((0-TolsP=0 - H207)2) and found a different reaction path that leads to the same
intramolecular ligand hydroxylation product (Scheme 12).[7®! In contrast to the previous
study, a peroxygenase-like reaction is proposed that follows a mechanism reminiscent of

LPMOs.l"8
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—— PHM-like monooxygenase pathway —>

&<— LPMO-like peroxygenase pathway

Scheme 12. Monooxygenase- and peroxygenase-like reaction pathways of L1-Cu
complexes leading to intramolecular ligand hydroxylation ((o-TolsP=0 - H20:)2 was used as

anhydrous H,O» source in the peroxygenase pathway).[%7-78

Using an excess of Cu' complex resulted in the formation of hydroxylated ligand coordinated
to Cu! in an equivalent amount to the applied H,O,, demonstrating that Cu' is regenerated
during the hydroxylation.[”® The Cu"! complex of the hydroxylated ligand only formed when

an excess of H>O, was applied.l’®]

1.4 (Per-)Oxygenases as Biomimetic Models

Originally, model complexes and CDAs were primarily studied to extrapolate the
mechanistic insights onto enzymatic systems and gain indirect information on Cu-enzyme
mechanisms. Nowadays, the knowledge gained about Cu-enzyme active sites is rather used
as a model for the design of novel catalysts or oxygen mediators. The first example of a
tyrosinase model system was reported by Karlin and co-workers in 1981.17°1 They used
N,N,N',N -tetrakis[2-(2-pyridyl)ethyl]-a,0 -diamino-m-xylene (m-xyl(py), L19), which
possesses two tridentate ligand units bridged by a m-xylene group.[”>#% This ligand forms a
dinuclear Cu' complex that activates dioxygen via a SP intermediate and selectively
hydroxylates the arene bridge,®!! which is why it is considered a tyrosinase model system.
The scaffold has later been modified to a Schiff base ligand with two bidentate units bridged

by an m-xylene group (L20), which also performs arene hydroxylation.®?! Kinetic studies

15



support a hydroxylation via a SP intermediate,

Introduction

but no such intermediate was

spectroscopically detected for L.20.1¥% In 1999 Tolman and co-workers reported the selective

hydroxylation of 2-(diethylaminoethyl)-6-phenylpyridine (PPN, L21), which is a ligand that

kept the bidentate character as in L20, but substituted the m-xylene bridge by a pendant

phenyl group.®*]
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Scheme 13. Evolution of selected tyrosinase model systems.!”-82-84]

Therefore, L21 does not pre-organize the Cu' complex to form a dinuclear CDA, in contrast

to L19 and L20.**) However, the key observation using L21 was that the hydroxylation

proceeds via an O intermediate.®*! These findings in combination with the previously
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reported and in Chapter 1.3 discussed low barrier SP/O equilibrium raised the question if
the O intermediate is the active oxygenating species in tyrosinase instead of a SP

(831 This question is still debated in current research.”!l A detailed

intermediate.
reinvestigation of the mechanism behind the hydroxylation of L21 was published by
Schindler and co-workers in 2015.3% In this study, N -benzylidene-N,N-
diethylethylenediamine (BDED, L.22) was reported, which possesses a scaffold that evolved
from L21 but is more easily accessible by a single-step imine condensation.®* The
hydroxylation of L22 follows a similar mechanism as the hydroxylation of L21, also

(84 The first example of a synthetic application of aerobic

proceeding via an O intermediate.
copper-mediated oxygenations using diamines as directing groups (DGs) on ketone
substrates was published by Schénecker et al. in 2003.18581 They used 17-ketosteroids with
2-picolylamine to form bidentate Schiff base ligands, comparable to L.22, that coordinate to
Cu"™ and could be readily hydroxylated to diastereoselectively form 12pB-hydroxy-17-
ketosteroids. Yields up to 50% were reached, using dioxygen as an oxidant in the case of
Cu' and dioxygen and a reducing agent in the case of Cu" (Scheme 14).13336] The reaction
was significantly improved by Baran and co-workers in 2015 by the application of Na
ascorbate as a reducing agent, ultimately reducing the reaction time to 1-6 h and increasing
the yield to up to 94%.”) The mechanism of the reaction was proposed to work via a
dinuclear CDA,®%871 a hypothesis supported by computational studies.’®®! However, a
detailed mechanistic study by Garcia-Bosch, Baran, and co-workers revealed that the
formation of a Hp intermediate, which forms from H>O; that is generated from O> by the
Cu! complex in a multistep process, is also possible.[®”) Furthermore, they rationalized their
findings by comparing their mechanism to key steps in the catalytic cycle of LPMOs, which
could be similar due to the similar coordination sphere around the Cu-center (histidine brace
in LPMOs vs. their bidentate ligands)."”®! The reaction conditions were adjusted based on the
mechanistic proposal, thus Cu"" and H>O: could be used directly, making initial anaerobic
preparations with anhydrous degassed solvent redundant and thereby increasing the
practicability of the reaction.®”! It was recognized that the accessibility of substrate ligands
by simple imine condensation allows potential synthetic application of aerobic
hydroxylations on various aldehyde and ketone substrates.!”!%*! This idea was pursued by
the Schindler group and Garcia-Bosch group and the resulting concept was termed the clip-

and-cleave concept (Scheme 15).[848991-93]
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General conditions of the Schénecker oxidation
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Scheme 14. General conditions of the Schonecker oxidation with dehydro-epi-androsterone
as exemplary substrate and conditions applied by Schonecker, Baran, and Garcia-Bosch
(yields vary between substrates).5878 Proposed mechanism for the Schonecker

oxidation®’ and comparison of the mechanism to intermediates in LPMOs.?!

Garcia-Bosch and co-workers additionally established the use of Cu' and H>O, in
benzophenone hydroxylation as a third oxidative condition, besides the original Cu'/O, and
Cu'"/H,0> conditions.[® These conditions were previously not considered for regioselective
hydroxylations, since Cu' in combination with H,O, potentially generates unselective

hydroxyl radicals.[*!
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General scheme of the clip-and-cleave concept
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Furthermore, Specht ef al. found a third path for copper-mediated intramolecular ligand
hydroxylations, besides hydroxylation via dinuclear or mononuclear CDAs, using
Cu'/0,.131 This path follows a dioxygen-mediated series of electron transfers between the
ligand and copper ultimately opening the ligand for nucleophilic attack by water to yield the
hydroxylation product (Scheme 16).°*] This mechanism has previously been reported by
Schindler and co-workers.!”>! However, this path has not been studied in detail yet and has

no practical use in clip-and-cleave chemistry so far.
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N, Lo N, HB* HO_/=N_ N(Pr), N NOP
O/ X O/ X LX LX

Scheme 16. Proposed mechanism for the hydroxylation of cyclohexanecarboxaldehyde

using Cu'/0,.3!

Various aliphatic and aromatic substrates were regioselectively hydroxylated, but reliable
structure reactivity relationships, which determine the intermediate responsible for the
hydroxylation and allow the rational choice of optimal oxidative conditions, are still
elusive. 3331 As a concise example, benzaldehyde is hydroxylated via an O complex, but

the structurally related benzophenone is hydroxylated via a Hp intermediate.l**°* As a key
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problem in Cul-based hydroxylations, the formation of homoleptic 2:1 [L:Cu] complexes,
which are either unreactive towards O or only perform outer sphere oxidation of the Cu ion,

was determined.[®> To overcome this problem two concepts have been attempted (Scheme

17).

Formation of homoleptic Cu' complex DGs screened for clip-and-cleave reactions
RR 72 I N
N_ NCCHs n N SN, MR ONH
(/( : 1 no hydroxylation =N NH, < ONH, | noon 2

N U n=12 n=12 n=12

bulky groups N\ /N

iPr, Et ( >
N N

AN

N_ NCCHs N Q >
( >t \/\NH |
N

tri-, tetradentate DG HN A~ N

blocking coordination site \/ R = iPr, Et
Scheme 17. Formation of the unproductive 2:1 [L:Cu] complex (left). DGs that have been

screened for clip-and-cleave reactions.”%%%

On the one hand, DGs with bulky N-substituents, i.e. iPr or Et, were used to sterically hinder
the formation of the 2:1 [L:Cu] complex.”’! This concept was demonstrated to be successful
in benzaldehyde and cyclohexanone hydroxylations.**! On the other hand, the use of tri- and
tetradentate DGs was attempted to block the coordination sphere of the Cu ion and only
allow the coordination of small monodentate ligands, e.g. O> or H>0,.1°"%¥ This concept was
counterproductive and in the best case, only low yields were obtained.”>**! Furthermore, the
screening revealed that ligands that form six-membered chelate rings often give lower yields

in intramolecular ligand hydroxylations.”%!

All in all, it has been demonstrated that the clip-and-cleave concept is applicable to complex
synthetic problems and useful organic transformations, e.g. steroid or adamantane
hydroxylations, using the green oxidants O> and H>0,.[?1-2l However, the herein presented
key publications demonstrate that the outcome of clip-and-cleave reactions cannot be
rationalized by a single factor. It is determined by a combination of multiple factors, mainly
substrate choice, DG choice, and oxidative conditions, i.e. Cu/O2, Cu//H202, or Cu'/H,0s.
Additionally, a key problem remains the use of stoichiometric amounts of DG and Cu to
perform the hydroxylations in high yields, which need to be reduced to catalytic amounts to
make the clip-and-cleave concept truly sustainable. Therefore, more research in this field is
required to make clip-and-cleave a viable class of predictable lab scale or even industrial

oxygenations with green oxidants, i.e. Oz and H2O2, in the future.
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2 Research Goals

The significant role of oxidation and oxygenation reactions in the chemical and
pharmaceutical industry, e.g. for chemical feedstock production and late-stage
diversification of bioactive compounds, was outlined in Chapter 1.1. The greenest oxidants
with the highest O atom economy are O, and H>O». Therefore, substituting common
oxidants, such as HNO3, H2S04, CrOs, or Cly, in industrial oxygenations by O and H>O»
would be desirable to reduce waste in large-scale productions. Furthermore, the importance
of chirality in bioactive compounds was briefly discussed. For the development of
enantioselective oxygenations using Oz and H>O, as oxidants, a biomimetic approach based
on Cu-enzymes is very promising. Biological Cu-enzyme-based aerobic oxidations and
oxygenations are chemo-, regio- and stereoselective, catalytic, work under ambient
conditions, and only produce H>O or H»O: as by-products. In addition, Cu has a

comparatively high tolerable concentration in pharmaceuticals.

The Schonecker oxidation and the clip-and-cleave concept are concise examples that Cu-
mediated oxygenations with O, and H>O; as oxidants have the potential to perform
challenging organic transformations and yield valuable products, e.g. diastereomerically
pure 12B-hydroxy-17-ketosteroids or 1,2-disubstituted adamantanes. However, the
stereoselectivity of the Schonecker oxidation is determined by the chiral steroid substrate.
An enantioselective variant of the clip-and-cleave concept to hydroxylate achiral substrates
is still elusive. Therefore, the goal of this work is the development of enantioselective Cu-
mediated oxygenations with O and H>O; as oxidants. Two approaches were considered

(intermolecular vs. intramolecular oxygenations).

2.1 Intermolecular Oxygenations

The first approach was the design of a chiral CDA that oxygenates an external substrate. An
initial investigation of L24 showed that it does not undergo intramolecular ligand
hydroxylation, in contrast to the related ligand L.23 (Scheme 18). Therefore, the goal was a
detailed investigation of the reaction of L24 with Cu’™ and O, or H,0», to see if it is a
potential candidate for enantioselective intermolecular substrate oxygenations. The Cu'
complex of L24 could stoichiometrically oxygenate thioanisole with O,. A rather low

enantiomeric ratio of 52:48 was obtained.
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Scheme 18. Intramolecular oxygenation of L23 vs. intermolecular oxygenation of

L23

thioanisole by 1.24.

However, the intermediates could be investigated in detail by low-temperature stopped-flow
UV-vis spectroscopy, SC-XRD, 80, labelling, and ESI-MS and were additionally supported
by DFT computations. The findings help understanding how the ligand design influences
whether Cu mediates an intermolecular or an intramolecular oxygenation. Details of this
study are described in Chapter 3.1 and have been published in European Journal of
Inorganic Chemistry.

2.2 Intramolecular Oxygenations

The second approach was the development of an enantioselective variant of the clip-and-
cleave concept. Chiral directing groups have been chosen by comparing the structural
features of directing groups that were previously successfully applied in clip-and-cleave

reactions (Scheme 19).

Successfully applied DGs and derived chiral DGs

\
H,oN N H,oN NR H,N NH HsN N— H->N N—
S Rl SUl Sl S o

R = Me, Et, iPr

Conditions screened for each ligand

o O
. OH
a) Cu', 05 b) Cu', H,0,; ¢) Cu', H,0, + OH
Ligand
a) - c) tested in: MeOH, DCM, THF,

acetone, HFIP and MeCN

conversion? mass balance? er?

Scheme 19. DGs that were previously successfully applied and derived chiral DGs (top).

Conditions screened for each ligand and hydroxylation products obtained (bottom).

Cyclohexanone was chosen as a test substrate for proof of principle since it was previously
hydroxylated by application of the clip-and-cleave concept. To highlight the synthetic

potential, 1-acetyladamantane was chosen as the second substrate. Enantioselective 1,2-
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functionalizations of adamantanes are rare, but the products have potential pharmaceutical
applications. Six different ligands were screened under various conditions (six solvents,
Cul/0,, Cul/H20,, Cu'YH20>) and conversions and enantiomeric ratios were determined. It
has been successfully demonstrated that the clip-and-cleave concept can be expanded to
enantioselective reactions. The highlight of this study was the isolation of (R)-1-acetyl-2-
adamantol with a yield of 37% and an enantiomeric ratio of >99:1. The mechanism behind
the key reaction was studied in detail using low-temperature stopped-flow UV-vis
spectroscopy and was further supported by DFT computations. Details of this study are
described in Chapter 3.2 and have been published in the Journal of the American Chemical
Society.
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Copper Mediated Intramolecular vs. Intermolecular
Oxygenations: The Spacer makes the Difference!

Alexander Petrillo,” Alexander Hoffmann,” Jonathan Becker,” Sonja Herres-Pawlis,”™ and

Siegfried Schindler*

Copper complexes in combination with dioxygen are important
as potential catalytic systems for regio- and stereoselective
aerobic oxygenations of aromatic and aliphatic C—H bonds at
ambient temperatures. In that context we herein describe a
copper(l) complex with an imine ligand derived from (+)-cam-
phor and 2-(2-aminoethyl)pyridine that forms a bis(u-hydroxido)

Introduction

Copper enzymes such as tyrosinase or dopamine-B-monoxyge-
nase catalyze"' reactions that are potentially highly desirable for
chemical industry.**’ The active species responsible for these
oxygenations often are investigated by applying model com-
plexes which are usually short lived and often only accessible at
low temperatures (around —80°C)."" So far only a few examples
of copper “dioxygen adduct” species are known, which are
persistent at room temperature for an extended time range.*®
Especially copper complexes with tetradentate and tridentate
ligands have been investigated in that regard. They demon-
strated a large influence of chelate ring size as well as
substituents on nitrogen donor atoms on the reactivity of the
complexes towards dioxygen.”® Less reports have been pub-
lished on complexes with bidentate ligands that tend to form
either side-on peroxido or bis(u-oxido) dicopper copper com-
plexes. Groups by Itoh, Karlin, Tolman and Stack, as well as us,
demonstrated the large influence of the ligand system with
regard to the outcome of the reaction.”'”

Previously, Baran, Garcia-Bosch and co-workers successfully
hydroxylated an aminomethylpyridine based imine ligand 1 in
high yields (up to 94%) according to Scheme 1.""'?

[a] A. Petrillo, Dr. J. Becker, Prof. Dr. 5. Schindler
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dicopper complex upon reaction with dioxygen at room
temperature. It is detectable by UV-vis for several hours up to a
few days, depending on the solvent and could be structurally
characterized. In contrast to previous observations this complex
rather oxygenates acetone or thioanisole as external substrates
instead of undergoing an intramolecular ligand hydroxylation.

s -
N on© N‘/\@

1 2

Scheme 1. (a) 1) 2.3 eq. [Cu(MeCN),JPF,, 3 eq. Na ascorbate, acetone, 2) O,,
50°C, 6 h, 3) Na,EDTA workup; (b) 1) 1.1 eq. Cu(NO,},-3 H,0, THF, 2) 15 eq.
H,0,, 50°C, 4.5 h, 3) Na,EDTA workup; (c) 1) 1 eq. [Cu(MeCN),]PF,, acetone,
2) 15 eq. H,0,, rt,, 4.5 h, 3) Na,EDTA workup.

To compare reactivities we investigated the closely related
copper system with literature known ligand 2 (Scheme 1) at
room temperature, which only differs by applying 2-(2-
aminoethyl)pyridine instead of aminomethylpyridine. However,
despite the minor difference in the ligand system, no intra-
molecular ligand y-hydroxylation was observed with 2 (Fig-
ure 522-Figure 524).

Hydroxylation reactions of this type, a so called “clip and
cleave” concept,"®*'® in general proceed either via copper
hydroperoxido complexes or 2:1 copper dioxygen species (e.g.
bis(u-oxido) or u-n"a’-peroxido dicopper complexes) as key
intermediates (Scheme 2), or via a dioxygen mediated series of
electron transfers between the ligand and copper ultimately
opening the ligand for nucleophilic attack by water to yield the
hydroxylation product."®'*"*"”' If such a reaction takes place and
which path it takes is determined by very subtle structural and
electronic changes in the ligand structure."*'®

.0 0 0,
Leut{[oedt Ledt Seu'L Leu' oM
0

- i -peroxido bis(u-oxido) #'-hydroperoxido

Scheme 2. Common intermediates in copper mediated ligand hydroxyla-
tions.
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Results and Discussion

To gain better insight into these reactions in general, we
investigated the reaction of the copper complex with ligand 2
in more detail. Intriguingly, in contrast to most imines, ligand 2
resists hydrolysis during aqueous workup and could be crystal-
lized in its protonated form under air (molecular structure and
crystallographic data are reported in Sl 3.5.6).

The 1:1 copper(l) complex of 2 crystallized as a dimer with
two linear coordinated copper centers bridging two ligands
(Figure 1). Similar molecular structures were reported e.g. by
Specht etal. for a related ligand, where (+)-camphor is
substituted by cyclohexanone, and by Ray and co-workers.!"*'!
In contrast to our complexes, the copper(l) complexes of the
methylene bridged ligand 1 and complexes of the related
ligands by Specht etal. were crystallized as trigonal planar
mono copper complexes with one acetonitrile ligand or as 2:1
ligand:copper ratio coordinated complexes."” Both species
were detectable for copper complexes with ligand 2 as well by
ESI-MS, indicating equilibria between the three copper(l)
species (Figure 532). The [Cu(2),)" species is unreactive towards
dioxygen (Figure S8), we therefore propose that this species

Figure 1. ORTEP Plot of the molecular structure of [Cu,(2),](PF,),. Anions and
hydrogen atoms are omitted for clarity. Ellipsoids are drawn at 50%
probability.
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Figure 2. Time-resolved UV-vis spectra of the reaction of [Cu(2)(MeCN)]PF,
(4.7 - 10" mol - L ') with dioxygen (5.7 - 10 * mol - L ') in acetone at —7°C
over a period of 1000 s. The inset displays the time dependent change in
absorbance at 365 nm (blue: experimental, red: exponential fit, first-order
rate constant k,,, =3.6-107°s 7).
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plays no significant role during dioxygen activation. Despite
several attempts to crystallize this copper(l) species, only the
copper(ll) analogue could be structurally characterized (S 3.5.2).
However, even though the dimer was the most prominent
species in the ESI-MS spectrum, thorough NMR analysis
confirmed that the mono acetonitrile coordinated species
[Cu(2)(MeCN)IPF, is the preferred species in solution (Fig-
ure S14-Figure 521).

Stopped-flow measurements in acetone (Figure 2) were
carried out to investigate the reaction of [Cu(2)(MeCN)]PF; with
dioxygen to detect the formation of reactive intermediates. No
reactions were observed at low temperatures (—93 °C). Further-
more, oxygenation in acetonitrile afforded only a very slow
color change to purple (within days) and no observable LMCT
bands within hours. Stopped-flow measurements in acetone:
MeCN (2.5% V/V MeCN) revealed a strong inhibition of the
reaction by the presence of small amounts of MeCN. The
significance of de-coordination of additional ligands (such as
MeCN) during or prior to dioxygen activation has been
thoroughly studied in the past.*”

Time resolved UV-vis spectra were collected in acetone
between —10°C and +10°C. Absorbance maxima were ob-
served at 365 nm and at 570 nm, which would be the typical
region for u-n’uy’-peroxido dicopper complexes.”" Furthermore,
similar spectra were assigned to bis(u-oxido) dicopper com-
plexes in the past.®*” However, the product complex formed
was stable enough to be crystallized and turned out to be the
bis(u-hydroxido) dicopper complex [Cuy(2),(u-OH),](PF), (Fig-
ure 3). We were able to confirm that the UV-vis spectrum can
be assigned to the bis(u-hydroxido) by isolation of the complex
and the measurement of a UV-vis spectrum at room temper-
ature. Additionally, DFT calculations (see below and SI 1.5)
supported this assignment.

The crystallization of two conformers of the bis(u-hydroxido)
dicopper complex was achieved (Figure 3). The presence of
such bis{u-hydroxido) conformers in solution was supported by
Ray and co-workers using helium tagging infrared photo-
dissociation spectroscopy."” It is a common decomposition
product of u-1"y*-peroxido and bis(u-oxido) complexes and
was also clearly detectable by ESI-MS (S| 3.4)."%'9%

Ray and co-workers recently reported the formation of a
bis(u-oxido) complex that subsequently reacts to a reactive

bis(u-hydroxido) with similar UV-vis features that we
"";i; % -
g §! e
G >i o SN \[;? %
ST ; 5 \" i
~ . -
/\/\’/\.n} \:‘ﬁ ©o 1 i
£4 "'s. R RN N
S } “

Figure 3, ORTEP Plots of the molecular structures of the C, and C, form of
[Cu,(2),(u-OH),)(PF,),. Anions and carbon bound hydrogen atoms are
omitted for clarity. Ellipsoids are drawn at 50% probability.
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observed."” However, they could not crystallize their complex.
In contrast we did not observe the formation of the presumed
bis(u-oxido) complex, but obtained instead a stable bis(u-
hydroxido) complex. The temperature range and the time of full
formation of the band at 365 nm of approximately 1000 s
(Figure 2) is quite exceptional for copper dioxygen species and
demonstrates the high stability of the copper(l) complexes of 2.
It is known that copper(l) complexes can be stabilized by six
membered chelate rings.®'” Furthermore, it was observed in
the past that the bite angle of a ligand can determine which
type of adduct forms.**

The observed adduct does not decompose significantly at
room temperature (Figure 4a-d). It is even detectable by UV-vis
in DCM for at least 5d (Figure 4b). Considering that the
copper(l) complexes of 1 undergo intramolecular hydroxylation
via a copper hydroperoxido complex within hours, makes
[Cu(2)(MeCN)]PF; an outstanding example for the influence of
chelate ring size and bite angle on the reactivity of copper(l)
complexes towards dioxygen.

Bis(u-oxido) dicopper complexes are common intermediates
for intramolecular ligand hydroxylations, which makes it
particularly interesting how our “substrate” ligand forms copper
dioxygen species without subsequent oxygenation.'®'>'62%1 Apy-
how, the molecular structure of the bis(u-hydroxido) complex
reveals a y-H--O distance of 2.34-2.50 A, which could potentially
be too far for an insertion of O into the C—H bond or even
radical H abstraction, under the assumption that similar
distances are present in the actual dioxygen adduct.

The temporal evolution of the absorbance at 365 nm (inset
Figure 2) can be fitted by a single exponential function,
indicating pseudo first order kinetics. Furthermore, kinetic
measurements in dependency O, concentration confirmed the
first order kinetics with respect to c(0O,) leading to the overall

rate law:

de([Cu,(2), (2 —OH),](PFs),)
dt

= k- c([Cu(2)(MeCN)] ) - (0;)

Thus, the initial formation of a 1:1 Cu:0, superoxido
species should be representing the rate determining step
followed by fast consecutive steps to the final product. Despite
the small temperature range we calculated the activation
parameters AH"=+21.9+07klJmol”’ and AST=-166=
2 JK 'mol™" from an Eyring plot (Figure S4; Table S2). The quite
negative activation entropy is in line with an associative
mechanism (substitution of MeCN) that also explains the
suppression of the reaction if the concentration of MeCN is
raised.

Density functional theory (DFT) calculations were performed
to investigate the nature of the Cu,0, species that forms prior
to the bis(u-hydroxido) complex and confirmed the overall
reaction mechanism. The calculations reveal the bis(u-oxido)
species as favored by app. 9 kcalmol™' over the peroxido
species (Figure S10; Table S5). As the UV-vis spectrum together
with the observation of no characteristic Cu,0, modes in the
Raman spectrum of this species indicates the formation of the

1.0
a) 10 [Cu@)MeCN)IPF, b) [Cu@NMeCN]IPF
N [Cu@HMeCN)IPF, + O, 20 min [CU@NMECNIPF; + O, 20 min
[Cu(2)MeCN)IPF, + O, 1d 0.8 [Cu@NMeCNPF, + O, 1d
[Cu)MeCN)IPF, + O, 2d - [Cu@NMeCN)IPF, + O, 2 d
0.8 [Cu2MeCN)IPF, + 0, 3 d [Cu@NMeCNPF, + O, 3 d
[Cu(2)MeCN)IPF, + O, 4 d [CuNMeCN]IPF, + O, 4 d
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Figure 4. UV-vis spectra of the reaction of [Cu(2)(MeCN)]PF, with O, a} in acetone over 4 d and b) in DCM over 4 d; c) Time trace of the absorption at 365 nm

in acetone; d) Time trace the absorption at 365 nm of the reaction in DCM.
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hydroxido species, it was also investigated via DFT calculations.
The key parameters of the triplet hydroxido species (favored by
14.1 kcal/mol compared to the singlet hydroxido species;
Table S6) agree very well with the bond length and angles
determined by single crystal X-ray crystallography (Table 58).
Furthermore, the time-dependent (TD) DFT UV-vis spectrum of
the triplet hydroxido species corresponds to the experimental
spectrum (Figure S13). Therefore, the bis(u-hydroxido) most
likely forms from a bis(u-oxido) core by hydrogen atom
abstraction from the acetone, as observed by Ray and co-
workers."?!

This was further confirmed by the formation of a dinuclear
copper complex with an acetate and hydroxide bridge (Fig-
ure 5), upon oxygenation of [Cu(2)(MeCN)]PF; in acetone after a
few days at room temperature (A species which was not
observable by ESI-MS measurements). Furthermore, the bis(u-
hydroxido) must play a role in oxygen mediation during
acetone oxidation, since it slowly decomposes in acetone, but
not in DCM (Figure 4c, Figure 4d).

The molecular structure demonstrates that the dioxygen
adduct is able to oxidize substrates after all. Acetic acid is a
typical product from oxygenation of acetone to methyl glyoxal
and subsequent oxidative decomposition.”® Anyhow, this
process seems to be very slow, which is why the acetate
bridged complex was not observable by ESI-MS. The stability of
the complex in DCM thus can be easily explained by the lack of
the observed acetone oxidation.

Stereoselective oxygenations of prochiral substrates with
dioxygen as oxidant are mostly carried out utilizing enzyme
catalysis, which have the drawback of high substrate specificity
and therefore relatively narrow substrate scope.”” However,
some non-enzymatic examples are known, but to the best of
our knowledge no prochiral substrates were enantioselectively
oxygenated applying copper dioxygen chemistry.” Thioanisole

Figure 5. ORTEP Plot of the molecular structure of [Cu,(2),(x#-OAc) (u-
OH)](PF,),. Anions and carbon bound hydrogen atoms are omitted for clarity.
Ellipsoids are drawn at 50% probability.

[Cu(2)(MeCN)]* Q.
Sw 0, ?\ 97% conversion
—_— 4% ee
acetone

Scheme 3. Oxygenation of thioanisole to the chiral methyl phenyl sulfoxide.

Eur. J. Inorg. Chem. 2022, 202100970 (4 of 7)

was chosen as a target substrate to test potential stereo-
selective oxygenations by [Cu,(2),(0OH),)**, since aryl sulfides are
enantioselectively oxidizeable to their corresponding sulfoxides
(Scheme 3).2%* Chiral sulfoxides are particularly interesting due
to their biological activity, but this reaction is rather a proof of
concept to demonstrate that copper “dioxygen adduct” com-
plexes can be designed to be stereoselective oxygen
mediators.***"

Conversions up to 97 % were achieved using one equivalent
of the copper(l) complex, yielding almost exclusively the
sulfoxide and ee's up to 4%. Furthermore, '®0, experiments
revealed that dioxygen is the sole oxygen source for the
oxygenation. Since the thioanisole oxidation is a 2 e process a
conversion up to 50% (with respect to copper(l)) was expected.
The higher conversion could indicate a catalytic reaction with
two turnovers. However, attempts to run the reaction with
catalytic amounts (5% and 10%) of copper(l) failed. Further-
more, considering the fact that the reactions have the best
outcome in acetone and that the dioxygen complex clearly
reacts with acetone (Figure5), the direct oxygenation of
thioanisole by the bis(u-hydroxido) species, as observed by Ray
and co-workers, seems likely. However, the in situ formation of
H,0, and formation of a copper hydroperoxido species as active
oxidizing species, as observed by the Baran and Garcia-Bosch
groups, cannot be completely excluded."*'® The presence of
the bis(u-hydroxido) complex in the C, and C, symmetric form
(crystallographic characterization) in solution causes many
possible transition states during oxygenation that most likely
do not yield the same enantiomer, which could be a reason for
the lack of enantioselectivity. Furthermore, the (+)-camphor
moieties might not be sufficiently bulky to induce higher ee's
for this type of reaction. Despite the low ee's this reaction
proofs that with further optimization and according ligand
design enantioselective oxygenations utilizing chiral copper
dioxygen adducts as oxygen mediators could potentially be
developed.

Conclusion

Our observations are a concise example for the often observed
stabilization of copper(l) complexes by six membered chelate
rings, an effect that was previously elucidated.®'” However,
such a dramatic effect of the chelate ring size on the ultimate
reactivity of copper(l) towards dioxygen (hydroperoxido vs.
bis(u-oxido) and bis(u-hydroxido)) was not expected here. The
methyl bridged ligand readily undergoes intramolecular ligand
hydroxylation in high yields (up to 94%) when reacted with
copper(l) and O, or H,0,. Complexes of the ethyl bridged ligand
on the other hand oxygenates the solvent rather than the -
C—H bond and is able to selectively oxygenate thioanisole to its
according sulfoxide.

Chiral copper dioxygen adducts are rare (only one has been
crystallized so far).*” Further investigations on simple chiral
ligands are required for the development of useful enantiose-
lective non-enzymatic oxygenations using dioxygen as oxidant
and chiral copper(l) complexes as catalysts.

© 2021 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Experimental Section

Materials and Methods: Solvents and reagents were purchased
from common suppliers. [Cu(MeCN),JPF, and [Cu(MeCN),JOTf were
prepared according to literature procedures and stored in an argon
filled glove box.* The used solvents were purchased as anhydrous
solvents under nitrogen atmosphere and were distilled under argon
prior to transferring them into an argon filled glove box. 'H and "*C
NMR spectra were measured on a Bruker Avance Il 400 MHz or
Bruker Avance Ill 400 MHz HD. The NMR analysis of the copper(l)
complex was carried out on a Bruker Avance Ill 600 MHz HD NMR-
spectrometer. Elemental analysis was carried out on a Thermo
FlashEA-1112 Series CHN-analysator. Reactions under inert con-
ditions were carried out in an argon 5.0 filled glove box (MBraun,
Garching, Germany). UV-vis measurements were carried out using
an Agilent 8453 spectrometer at 20°C. GC-MS measurements were
carried out using an Agilent Technologies 5977B mass detector
with a 7820 A GC system. Chiral HPLC was carried out using a
CHIRALPAK IC column and a Dionex UVD 170 U detector (eluent
mixture: 70% n-hexane, 30% IPA). ESI-MS was measured using a
Bruker Daltonics micrOTOF. SC-XRD analysis was carried out on a
Bruker D8 Venture system, which was equipped with an IuS
microfocus Mo-K, and Cu-K, X-ray source. Moreover, the system
was equipped with an OXFORD CRYOSYSTEMS 700 low temper-
ature system and a PHOTON100 CMOS-detector. The molecular
structures were solved and refined using SHELXT2014/5"" and
SHELXL2018/3", respectively.

Preparation of Ligand 2: A modified version of a literature known
synthesis was used to obtain 2" (4)-Camphor (2.119g,
13.92 mmol) was added to a round bottom flask and dissolved in
anhydrous toluene (50 mL). Afterwards 2-(2-pyridyl)-ethylamine
(1.711 g, 14.01 mmol) and BF; - Et,0 (0.1 mL, 0.8 mmol) were added
to the solution and the flask was attached to a Dean-Stark
apparatus equipped with a reflux condenser and a drying tube
filled with CaCl,. The mixture was refluxed overnight. After cooling
to room temperature the solvent was removed in vacuo and the
crude product was purified by Kugelrohr distillation. The pure
product was obtained as a colorless oil (2.022 g, 7.886 mmol; 57 %).
'H NMR(400 MHz, CDCl,): & (ppm) =8.48 (d, J=4.5 Hz, TH), 7.51 (it,
J=7.7, 1.7 Hz, 1H), 7.13 (d, J=7.7 Hz, 1H), 7.05 (t, J=7.6 Hz, 1H),
3.71-3.51 (m, 2H), 3.15-3.00 (m, 2H), 2.18 (dt, /=17.0, 3.9 Hz, 1H),
1.79 (t, J=4.6 Hz, 1H), 1.77-1.66 (m, 1H), 1.6 (d, /=16.9 Hz, 1H), 1.53
(td, J=12.0, 42 Hz, 1H), 1.21-1.10 (m, 1H), 1.01-0.91 (m, 1H), 0.90
(s, 3H), 0.83 (s, 3H), 0.53 (s, 3H); "C NMR (101 MHz, CDCl,) & (ppm)=
182.6, 160.6, 149.2, 136.0, 124.0, 121.1, 53.5, 52.3, 46.7, 43.7, 384,
35.5,32.2, 27.3,19.3, 18.9, 11.5; HRMS (ESI): m/z calcd for C,;H,,N, +
H™:257.2013 [M-+H] ", found: 257.2014.

Preparation of [Cu(2)(MeCN)JPF,: In an argon filled glovebox
[Cu(MeCN),IPF, (1.480 mg, 3.971 mmol) was dissolved in anhydrous
acetone (20mL). Ligand 2 (1.016 mg, 3.963 mmol) was also
dissolved in anhydrous acetone (15 mL) and added dropwise while
stirring the copper(l) solution. The pale yellow solution was stirred
at room temperature for 2 h. Subsequently anhydrous diethyl ether
(250 mL) was added to precipitate the colorless copper complex.
The suspension was stirred overnight. The colorless solid was
filtered off and washed with anhydrous diethyl ether (3 - 10 mL).
The product was dried in vacuo. A colorless solid was obtained as
final product (1.705mg, 3.370 mmol, 85%). 'H NMR(600 MHz,
acetone-dé): d (ppm)=8.70 (d, /=54 Hz, 1H), 810 (t, J=7.5Hz,
1H), 7.78 (d, J=7.5 Hz, 1H), 7.58 (t, /=5.8 Hz, TH), 4.18-4.04 (m, TH),
4.04-3.93 (m, 1H), 3.63 (s, 2H), 2,69 (dt, J=18.4, 3.8 Hz, 1H), 230 (s,
3H), 2.09 (d, /=184 Hz, 1H), 2.02 (t, J=4.5 Hz, 1H), 1.90-1.82 (m,
TH), 1.79 (td, /=12.2, 3.7 Hz, 1H), 1.50 (s, 3H), 1.32-1.23 (m, 1H),
1.17-1.08 (m, 1H), 0.95 (s, 3H), 0.66 (s, 3H); “C NMR (151 MHz,
acetone-d6) & (ppm)=195.9 (g, broad), 161.0 (q), 150.6 (CH), 140.9
(CH), 126.5 (CH), 124.7 (CH), 118.7 (g, MeCN), 56.2 (q), 54.0 (CH,),
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49.3 (q), 44.3 (CH), 40.8 (CH,, broad), 39.1 (CH,), 32.6 (CH,), 27.3
(CH,), 19.7 (CH,), 19.1 (CH.), 13.0 (CH;), 1.8 (CH,); elemental analysis
caled (%) for CyoH,,CuFgN,P: C 45.10, H 5.38, N 8.31; found: C 45.02,
H 5.55, N 8.16.

Crystallization of [Cu(2)(MeCN)JPF, was attempted in MeCN,
acetone and DCM. However, the copper(l) complex always crystal-
lized as the [Cu,(2),](PF;), dimer complex (S| 3.5.1), whether the
isolated complex [Cu(2)(MeCN)]PF, was used or the complex was
generated in situ by careful addition of 2 to [Cu(MeCN),]PF,.

Stopped-Flow UV-vis Spectroscopy: Stopped-Flow measurements
were carried out on a commercial HI-TECH SF-615X2 stopped-flow
unit (TgK Scientific, Bratford-on-Avon, UK). The collected data was
processed using Kinetic Studio version 5.02 Beta. The procedure for
kinetic measurements was described in detail in previous work.*®

UV-vis Experiments: A 8.1 - 10° mol - L' solution of [Cu-
(2)(MeCN)]™ was prepared by mixing equimolar amounts of
[Cu(MeCN),]PF, and 2 in anhydrous degassed acetone or DCM in an
argon filled glovebox. A UV-vis spectrum of the copper(l) complex
was recorded at 20°C. Afterwards dioxygen was led through the
solution for about 4 min. Spectra were recorded after further
16 min, 1 d, 2d, 3 d and 4 d. The experiment was repeated in both
solvents and the intensity at 365 nm was traced over 5h at 20°C.

Oxygenation Reactions: The oxygenation of thioanisole by the
bis(u-hydroxido) complex was investigated, to test if the complex is
suitable for enantioselective oxygenations. In an argon filled
glovebox [Cu(2)(MeCN)IPF, (216.7 mg; 0.4283 mmol) was dissolved
in anhydrous acetone (20 mL). Subsequently, thioanisole (50 pL;
0.43 mmol) was added to the solution under stirring. Pure dioxygen
was lead through the solution for 5 min at r.t, causing the solution
to turn to a deep purple color. The solution was stirred at r.t. for 4 h
and quenched by the addition of 1 mol - L' NH, solution (30 mL).
The acetone was removed in vacuo and the aqueous layer was
washed with DCM (4 - 15 mL). The combined organic layers were
dried over Na,SO,. After removal of the drying agent, the solvent
was removed in vacuo and the product mixture was analysed by
GC-MS and chiral HPLC. The procedure was repeated in DCM and
THF (DCM: green solution after oxygenation; THF: purple suspen-
sion that turned into a blue solution after oxygenation).

Crystallizations

[Cu,(2),](PF,),: One equivalent of [Cu(MeCN),JPF, and one equiv-
alent of 2 were dissolved in small amounts of anhydrous degassed
acetone in separate vials. The ligand solution was carefully added
to the copper salt solution resulting in a highly concentrated pale
yellow complex solution. Colorless crystals were obtained by slow
ether diffusion over a few days at room temperature.

[Cu(2),](BF,);+2 C;Hg0: One equivalent of [Cu(MeCN),]BF, and one
equivalent of 2 were dissolved in small amounts of anhydrous
degassed DCM in separate vials. The ligand solution was carefully
added to the copper salt solution resulting in a highly concentrated
pale yellow complex solution. Approximately 10 equivalents of Sg
were added in an attempt to crystallize potential sulfido complexes.
The solution was stirred overnight and filtered using a syringe filter
resulting in a purple solution. Red crystals were obtained by slow
pentane diffusion over three months at —30°C. The sulfur most
likely oxidized the Cu(l) complex to the observed [Cu(2),](BF,),.
However the crystallization of sulfido complexes remained unsuc-
cessful.

[Cu,(2),(u-OH),)(PF4), - 2 THF (C,): One equivalent of [Cu(MeCN),]PF,
and one equivalent of 2 were dissolved in small amounts of
anhydrous degassed THF in separate vials, The ligand solution was
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carefully added to the copper salt solution resulting in a highly
concentrated pale yellow complex solution. Dioxygen gas was
passed through the solution at room temperature for 2 min
resulting in a deep purple colored solution. Blue crystals were
obtained by slow pentane diffusion over 10 d at —30°C.

[Cu,(2),(-OH),)(PFe),-2 CHO (C)): One equivalent of [Cu-
(MeCN),]PF, and one equivalent of 2 were dissolved in small
amounts of anhydrous degassed acetone in separate vials. The
ligand solution was carefully added to the copper salt solution
resulting in a highly concentrated pale yellow complex solution.
One equivalent of NaBArF was added in an attempt to exchange
the anion. Dioxygen gas was passed through the solution at room
temperature for 2 min resulting in a deep purple colored solution.
Blue crystals were obtained by slow ether diffusion over a week at
room temperature.

[Cu,(2),{u-OAc)u-OH)I(PF,),: One equivalent of [Cu(MeCN),JPF,
and one equivalent of 2 were dissolved in small amounts of
anhydrous degassed acetone in separate vials. The ligand solution
was carefully added to the copper salt solution resulting in a highly
concentrated pale yellow complex solution. Dioxygen gas was
passed through the solution at room temperature for 2 min
resulting in a deep purple colored solution. Blue crystals were
obtained by slow ether diffusion over a week at room temperature.

2-H,(0Tf),-H,0: One equivalent of Cu(OTf), and one equivalent of
2 were dissolved in small amounts of DCM in separate vials, The
ligand solution was carefully added to the copper salt solution
resulting in a highly concentrated green complex solution. The
solvent was removed and the complex was re-dissolved in acetone.
Colorless crystals were obtained by slow ether diffusion over a few
days at room temperature.

Computational Details: Density functional theory (DFT) calculations
were performed with Gaussian 16, Revision B01%". The geometry
optimizations were optimized by using the TPSSh functional®® and
with the Ahlrichs type basis set def2-TZVP" basis set as
implemented in Gaussian 16, Revision B01.”” As solvent model, we
used the Polarizable Continuum Model (PCM) as implemented in
Gaussian 16. As empirical dispersion correction, we used the D3
dispersion with Becke-Johnson damping as implemented in
Gaussian16, Revision B.01.*"

Deposition Numbers 2118500 (for [Cu,(2),(u-OAc)(ue-OH)I(PF,),),
2118501 (for 2-H,(0TH),

-H,0), 2118502 (for [Cu,(2),(u-OH),](PFy),-CH,0), 2118503 (for
[Cu,(2),](PF,),), 2118504 (for [Cu,(2),(u-OH),1(PF,),-2 THF), 2118505
(for [Cu(2),])(BF,),-2 C;H,0) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service at www.ccdc.
cam.ac.uk/structures.
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ABSTRACT: Copper-mediated aromatic and aliphatic C—H hydrox-

. H0:
ylations using benign oxidants (O, and H,0,) have been studied o S Ko o -
intensively in recent years to meet the growing demand for efficient and I.I'_J ¢ JN/ g .:FN‘/C\‘!‘ND e =€
green C—H functionalizations. Herein, we report an enantioselective O = U ;UD
variant of the so-called clip-and-cleave concept for intramolecular L - — yiekd and er up fo 'u o)
ligand hydroxylations by the application of chiral diamines as directing x _7 (RESEmi s Y on >
groups. We tested the hydroxylation of cyclohexanone and 1- = J—-} —» mechanism from ):[_J- =3
acetyladamantane under different oxidative conditions (Cu'/O,; Cu'/ 5 e tenull ; E'
H,0,; Cu"/H,0,) in various solvents. As an outstanding example, we 0= o\ 7o / o
obtained (R)-1-acetyl-2-adamantol with a yield of 37% and >99:1 % .,NL/ :;‘2 = l'\) il e >
enantiomeric excess from hydroxylation in acetone using Cu' and O,. (&) J \‘:,’N} D :M ) [

Low-temperature stopped-flow UV—vis measurements in combination (e -

with density functional theory (DFT) computations revealed that the

hydroxylation proceeds via a bis(u-oxido) dicopper intermediate. The reaction product represents a rare example of an enantiopure
1,2-difunctionalized adamantane derivative, which paves the way for potential pharmacological studies. Furthermore, we found that
l-acetyladamantane can be hydroxylated in a one-pot reaction under air with isolated yields up to 36% and enantiomeric ratios of

96:4 using Cu''/H,0, in MeOH.

B INTRODUCTION

Copper-containing enzymes catalyze various selective oxida-
tions and hydroxylations utilizing dioxygen (O,) as an
oxidant.”” Important examples are methane monooxygenase,
which catalyzes the aerobic oxygenation of methane to
methanol,”™* and dopamine-fi-monooxygenase (DfM),
which performs the enantioselective hydroxylation of the
benzylic CH, group in dopamine during biosynthesis of
noradrenaline.”” Related to DM is the enzyme peptidylgly-
cine-a-hydroxylating monooxygenase (PHM) that catalyzes
the enantioselective oxygenation of C-terminal glycine
residues, a post-translational modification of peptides during
hormone biosynthesis.® DM and PHM are classified as Cu-
monooxygenases and are thought to follow similar mecha-
nisms." Crystal structure determination of a precatalytic PHM
complex in 2004 demonstrated the presence of two non-
coupled Cu centers 11 A apart (Scheme 1),° with the Cuy site
coordinated by three histidine residues and the Cuy, site by
one methionine and two histidine residues. O, was found
bound to the Cuy site in an end-on #' fashion to form a
superoxido intermediate, and it was proposed that the Cuy site
is responsible for electron transfer to the Cu,, site to close the

‘© 2024 American Chemical Society
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catalytic cycle.” Various mechanisms have been proposed in
the following years that posit mononuclear Cu superoxido or
hydroperoxido species as primary oxidants (e.g, Scheme
1iii)."* "' However, in a detailed crystallographic study on a
DM dimer from 2016, Vendelboe et al. demonstrated the
existence of an open form (Cuy—Cuy, = 14 A) together with a
closed form (Cuy—Cuy = 4—5 A) of the active site and
opened a debate around the involvement of dinuclear
intermediates in the catalytic cycle of PHM and DFM.'" A
recent quantum mechanics/molecular mechanics (QM/MM)
study'® indicated that the open active site allows entry of the
cosubstrate ascorbate into the Cuy, binding site, which readily
undergoes hydrogen atom abstraction (HAA) by the Cu"-0,
intermediate formed upon subsequent O, binding. Facile
interconversion to the closed active site then initiatess O—OH
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Scheme 1. (i) Enantioselective Oxygenation of C-Terminal Peptidylglycine by PHM;" (ii) Enantioselective Oxygenations of
Dopamine by DFM;" (iii) Active Site of PHM Based on the Crystal Structure Reported by Prigge et al. in 2004 and One
Example of an in the Following Years Prosed Reaction Path via a Mononuclear Intermediate; " (iv) Active Sites of the DM
Dimer Based on the Crystal Structure Reported by Vendelboe et al. in 2016 and Proposed Reaction Path by Wu et al.
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Involving a Coupled Dicopper Intermediate'>'*
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cleavage of the resulting hydroperoxido intermediate to form a
dinuclear (4-O*)(u-OH)Cu''Cu" species, which is suggested
as the key reactive intermediate for substrate CH-hydrox-
ylation (Scheme liv).

Detailed insight into the mechanism of such metalloenzymes
is paramount since these aerobic hydroxylations often
represent role models for industrially relevant transforma-
tions.”'* Research activities along these lines have led to
various biomimetic approaches to utilize Cu complexes with
dioxygen as the greenest conceivable oxidant.''® A concise
example is the so-called clip-and-cleave concept,”fza which
was developed for preparatively simple aerobic regioselective
oxygenations of substrate ketones and aldehydes (Scheme 2),
based on preceding works of Schonecker et al”*? as well as
Feringa and co-workers.”> Spectroscopic studies provided
evidence that the intramolecular hydroxylation reactions
proceed via dinuclear Cu™Cu" bis(u-oxido) intermedi-
ates.'” ™" Practical synthetic use of the Schénecker oxidation
has further been established by Baran and co-workers, who
significantly improved reaction yields and reaction times using

25690

sodium ascorbate (Na asc.) as a reducing agent.l‘
Furthermore, the groups of Garcia-Bosch and Baran
demonstrated improved yields upon addition of H,0, in
combination with Cu'" or Cu' precursor complexes, a finding
that was interpreted in terms of a strictly mononuclear reaction
mechanism (Scheme 2ii).> ">

Direct asymmetric oxygenations with the benign oxidants O,
or H,0, are very rare but also of high relevance, due to the
growing demand for efficient and green C—H functionaliza-
tions.”” The Schonecker oxidation is a diastereoselective
reaction when applied to 17-ketosteroids.”"**** Product
stereochemistry, however, is predetermined by the chiral
steroid substrate, While chiral directing groups (DGs) have
successfully been used to alter the site selectivity (D vs E ring
in pentacyclic triterpenoids) of clip-and-cleave-type hydrox-
ylations,™ an enantioselective variant of the concept to
hydroxylate achiral substrates is still elusive.

In this study, we thus explored chiral modifications of
established DGs (Scheme 2) to investigate enantioselective
clip-and-cleave reactions. We found earlier that bidentate

https://doi.org/10.1021/jacs 4c07777
1. Am. Chem. Soc. 2024, 146, 25689-25700
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Scheme 2. (i) General Scheme of the Clip-and-Cleave Concept; (ii) Exemplary Products Obtained by the Garcia-Bosch and
Baran Groups under Different Conditions by Oxygenation via a Copper Hydroperoxido Intermediate;** > (jii) Exemplary
Products Obtained by the Schindler Group via a Bis(p-oxido) Intermediate;'” '’ NMR or Gas Chromatography (GC)

Conversions

(i) General scheme of the "Clip-and-Cleave” concept

(ii) Exemplary products formed via a hydroperoxido complex
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ligands are generally superior to tri- or tetradentate ligands in
terms of yield and selectivity.”*” Further, ligands that form
five-membered chelate rings yield better results than those that
form six-membered chelate rings.'””” The latter often
deactivate Cu' complexes and may alter the mechanism
(mononuclear vs dinuclear intermediate, intramolecular vs
intermolecular oxygenation).”"*

Based on these observations, we chose three different chiral
DGs for the present study (Scheme 3). DGs (R,R)-a and
(R,R)-b represent chiral variants of the ethylene diamine-based
DGs employed earlier. "' We used (R,R)-a with two
reactive amino groups to test whether binding of two
substrates to one ligand could result in improved yields. DG

Scheme 3. Directing Groups Used for Intramolecular
Ligand Hydroxylations

DGs previously used in "Clip-and-Cleave” reactions

R
n N
=N NH, TN, D
R
n=12 R =H, Me (RR)-a
\
[ | RN N
N N
\f*‘l/\f""n T NH, N, O
n=12 n=12 (RR)-b
=
|
Y L {3
HZNA“/N S HzN/\"N = =N NH,
(R)-c
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(R)-c is the simplest chiral derivative of 2-picolylamine, a well-
established DG in clip-and-cleave chemistry.”'**** We
employed Cu'/0O,, Cu'/H,0, as well as Cu'"/H,0, for
oxygenation in combination with six different solvents.

B RESULTS AND DISCUSSION

We chose cyclohexanone (1) as the initial substrate for a proof
of concept as it is the simplest substrate with enantiotopic CH,
groups and has previously been hydroxylated in such
reactions.'” To highlight the synthetic potential of the concept,
we opted for l-acetyladamantane (2) as a more convenient
substrate compared to adamantane-l-carbaldehyde used
previously (Scheme 2iii)."" Adamantanes are widely used in
the pharmaceutical industry based on 1,3-derivatives.”*" The
realization of enantioselective 1,2-substitutions is, however,
challenging,”**** and the availability of an enantioselective
clip-and-cleave variant represents a highly rewarding goal
(Scheme 4). To evaluate the enantiomeric ratios (er), the (R)-
and (S)-enantiomers of all ligands have been synthesized. In
view of the significance of small changes in ligand structure
discussed previously,” 2-MPy was prepared for comparison
with (R)-2c in terms of yields and reaction mechanism.
Synthesis of a ligand using substrate 2 and (R,R)-a as DG was
not successful under various conditions, most likely due to the
steric bulk of the adamantane residue.

Ligand hydroxylation was studied in six different solvents
(MeOH, dichloromethane (DCM), tetrahydrofuran (THF),
acetone, MeCN, and hexafluoroisopropanol (HFIP)), and the
reaction conditions were chosen in line with previous
investigations (Scheme 4).

Cyclohexanone-Based Ligands. Screening results for the
cyclohexanone-based ligands are summarized in Table 1. The
conversion equals the amount of hydroxylation product
obtained after the reaction of a ligand under the reaction

https://doi.org/10.1021/jacs 4c07777
1. Am. Chem. Soc. 2024, 146, 25689-25700
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Scheme 4. (i) Chiral Ligands Investigated in This Work; (ii) Oxidative Conditions Applied to All Ligands in Various Solvents”

(i) Ligands investigated in this work

(R.R)-1a

—N

(R,R)-1b

0

(R)1c

2-MPy

(R,R)-2b

(R)-2¢

(ii) Conditions screened in this work

(a) 2.3 equiv. [Cu(MeCN),]OTf, O,,

solv., 4 h, r.t.

Ligand

(b) 1 equiv. [Cu(MeCN)4]OTf, 6 equiv. Hy05,

solv., 1h, rt.
(c) 1 equiv. Cu(OTf),, 6 equiv.
solv., 1h, rt

Hy02,

“Reactions under all three conditions were followed by acidic workup.

o (o]
&y
P1 P2

conversion? mass balance? er?

Table 1. Screening Results of Cyclohexanone-Based Ligands

: nomenclature |
example O:N _N:O
¢ conv. (mb) | O
L er (SR
CoTen

(R,R)-1a

\
O \s
(R.R)-1b (R)-1c

solvent cu'/0; Cu'IH0; Cu'/H0, cu'l10; Cu'/H;0; Cu"/H0; Cu'10; Cu'/H0; Cu'"/H,0;
g MeOH 7(07) 0(37) 1(36) 4(31) 321) 9(23) 0(26) 2(8) 32(35)
v 3961 1 / / / 88:12 ! / 36
8 ocM 14(88)  0(47) 0(25) 2(26) 1(22) 0(10) 0(13) o) 20 (48)
51:49 ! / / ! i ! li 5347
g THF 47 (74) 1(32) 0(28) 3(34) 4(23) 7(28) 0 (69) 2(4) 40 (42)
ol 50:50 ! / / ! 82:18 ! li 63:37
E acetone 35(60)  0(66) 037 8(30) 2(13) 0(5) 0(40) 0(3) 0(87)
8 50:50 / ] / / i ! 1 1
g8 MeCN 7 (28) 0(71) 0(31) 13 (37) 0(2) 0(3) 9 (40) 0(39)
=3 39:61 ! i 60:40 I 1 1 1
| NI . PO o O SOOI SO e O it SR oy OB Oy e O
= z HFIP 7(72) 3(82) 1(67) 0(58) 0(24) 0(44) 2(59) 0(4) 4(35)
55 40:60 /] 1 / ! 1 ! ! !

“The conversion (conv.) of ligand to the hydroxylated product P1 was determined by GC-MS using 1,3,5-trimethoxybenzene as internal standard.
The mass balance (mb) equals the sum of conversions to P1, 1, and 1,2-cyclohexanedione, The enantiomeric ratio (er) was determined using chiral

GC (f-TBDAc).

conditions chosen. The mass balance (mb) equals the sum of
the quantified unreacted substrate, hydroxylation product, and
known side products and serves as a measure for unidentified
side products. We generally observed low conversion and mass
balance for the majority of conditions tested. Ligand (R,R)-1a
gave modest conversions of up to 47% in acetone and THF
using Cu'/ O,, in keeping with the 50% conversion threshold
expected under these conditions."”™'? Enantiomeric excess,
however, was not observed. The use of H,0, was unproductive
with this ligand.

25692

In contrast, (R,R)-1b gave the best results using Cu'/H,0,
in MeOH and THF. A low conversion of at most 9% was
observed, but the associated enantiomeric ratio of 88:12 (S/R)
demonstrated the potential of the reaction to generate
enantiomerically enriched products. Also (R)-lc yielded the
best results in MeOH and THF using Cu"/H,0,, increasing
the conversion up to 40% but at the same time reducing the er
to 63:37 (S/R). The use of an aromatic DG affords the highest
conversion with Cu"/H,0,. Attempts to increase conversion
and er by running the reaction at —80, —30, and 0 °C or by

https://doi.org/10.1021/jacs 4c07777
1. Am. Chem. Soc. 2024, 146, 25689-25700
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[Cu"({R)-1¢),)(OTf),

Figure 1. Oak Ridge thermal ellipsoid plots (ORTEP) of the molecular structures of [ Cu,((R,R)-1b),(u-OH),](OTf), and [Cu((R)-1c),](OTf),.
Anions and carbon-bound hydrogen atoms have been omitted for the sake of clarity. Ellipsoids are drawn at a 50% probability.

Table 2. Screening Results of 1-Acetyladamantane-Based Ligands

example
! conv. (mb)
| er(S:R)E
LT

(R,R)-2b

2-MPy

=N N=
7

(R)-2¢

solvent cu'/0; Cu'fH0; Cu'/H0, cu'/0; Cu'lH0; Cu'/H0, cu'/o, Cu'tH; Cu'/H,0;
§ MeOH 17 (51) 3(72) 0(87) 38(75) 30(34)  64(79) 39 (70) 34 (43)  69(78)
< .. — = v e ettt eperese e i peegereter M epereeser
§ DCM 32 (59) 0 (69) 6 (60) 28 (58) 15(29) 34 (73) 31 (83) 20 (50) 40 (78)
,,,,,,,,,,,,,,,, . s WEm U =R R R O Em ==
§ THF 32 (44) 0(70) 8(82) 23 (55) 18 (40) 40 (77) 33(73) 29 (68) 32(87)
;A — = . m " s NEN B NN TS =.
g acetone 36(62)  3(63) 5(82) 34(44)  22(34)  34(90) 35(55) 25(50)  32(81)
R —_—— - - s ! ta WU W 2 Em R ==
% g MeCN 6(74) 0(87) 0(88) 6(82) 5(22) 2(95) 0(80) 6(22) 0(71)
= J 7 ] I ! /
é?; HFIP 3(70) 0(84) 3(82) 30(73)  21(45)  0(33) 39(94)  20(30)  23(62)
85 ! ! 1 75:25 el I

“The conversion (conv.) of ligand to P2 was determined by 'H NMR using 1,3,5-trimethoxybenzene as internal standard. The mass balance (mb)
equals the sum of conversions to P2 and 2. The enantiomeric ratio (er) was determined using chiral HPLC (Chiralpak 1C). Per was not determined
due to the high formation of side products with overlapping signals in the chromatogram.

using Na ascorbate or CumOOH remained unsuccessful. Since
the cyclohexanone-based ligands are prone to hydrolysis
already under air, we initially suspected that ligand hydrolysis
by water from the aqueous H,0, reagent occurred prior to
hydroxylation. We thus repeated the experiment using
anhydrous urea hydrogen peroxide instead, but better
conversion was not observed. Hence, hydrolysis of the ligand
is not the reason for the low conversion. The generally low
mass balance is indicative of more efficient side reactions—in
fact, Ceypony—Cy cleavages are common side reactions in cyclic
ketone hydroxylations."’ Furthermore, it was observed earlier
that cyclohexanone (formed in situ from cyclohexane) can
undergo copper-catalyzed formation of adipic acid followed by
multiple subsequent oxidative decarboxylations,™ Additionally,
up to 6% 1,2-cyclohexadione was found as a common side
product in the hydroxylations of (R,R)-1b and (R)-lc with
Cu'/H,0,. This side product most likely forms due to
subsequent overoxidation after ligand hydroxylation. We
crystallized (R,R)-1b as a Cu"Cu" bis(¢-hydroxido) dicopper

25693

complex upen oxygenation in DCM (Figure 1), This kind of
complex is often formed from a Cu"'Cu™ bis(u-oxido)
complex, which we could confirm by low-temperature
stopped-flow UV—vis measurements (cf. Supporting Informa-
tion (SI) Figure S7). Furthermore, (R)-lc crystallized as a
homoleptic 1:2 [Cu:L,] Cu" complex, which is common for
bidentate ligands and often represents a steep thermodynamic
sink precluding efficient clip-and-cleave reactivity.'

All in all, the results represent an encouraging proof of
principle, but the pronounced lability of cyclohexanone
derivatives evidently renders this ligand class unsuitable for
clip-and-cleave chemistry.

1-Acetyladamantane-Based Ligands. Screening of 1-
acetyladamantane-based ligands was carried out employing the
same conditions as before (Table 2). As a general observation,
we note that ligands with cyclohexyl DGs do not undergo
hydroxylation with H,0,. Pyridyl-based DGs, on the other
hand, yield substantially improved results with Cu"/H,0,.

https://doi.org/10.1021/jacs 4c07777
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(R,R)-2b showed moderate conversion to (S)-l-acetyl-2-
adamantol in up to 36% (>99:1 er) under Cu'/O, conditions
in acetone, DCM, and THF. Correspondingly, (R)-1-acetyl-2-
adamantol, (R)-P2, was readily isolable upon hydroxylation of
(8,5)-2b in acetone using Cu'/Q, (37% yield and >99:1 er).
Vibrational circular dichroism (VCD) spectroscopy was used
to determine the absolute product configuration (Figure 2),

IR

M
R-PZ

B3LYP-D3(BJ Vdef2-42vpp

VCD Lo.02
w
o 0 g
o 1 JEspeniment l.0.02
=
x 0
3 14 g’lﬁ-wwaﬁz-mu

1400 1300 1200 1100 1000 900
wavenumber / cm

Figure 2. IR and VCD spectra of P2 isolated from the hydroxylation
of (8,5)-2b using Cu'/O, (experimental in red vs computed spectra
for (R)-P2 in gray).

and the computational VCD spectra for (R)-P2 matched the
experimental spectra. Hence, the (R)-ligands investigated
preferentially form (S)-products, and vice versa. In contrast,

Cu'/H,0, and Cu/H,0, conditions yielded no significant
results indicating that the hydroxylation proceeds via a copper
dioxygen intermediate that remains inaccessible using H,0,.
The use of sodium ascorbate as a reducing agent did not
improve the conversion of the reaction either.

Low-temperature stopped-flow UV—vis measurements
(Figure 3) and TD-DFT computations (Figures S30 and
$31) revealed the formation of a Cu™Cu™ bis(u-oxido)
dicopper intermediate in acetone at —82 °C (4 = 415 nm;
€4150m = 1.6 mM ™' LY A1 prer = 407 nm). This intermediate
is commonly observed in intramolecular ligand hydroxylations
and is debated as possible active hydroxylating species in
particulate methane monooxygenase (pMMO). 719394
Intermediate formation kinetics are first order in both Cu'
and dioxygen concentration. In combination with a strongly
negative activation entropy calculated from an Eyring plot
(A*S = =28 + 2 cal K™ mol™}; Figure 3B,ii), an associative
formation of a Cu'" superoxido complex in the rate-
determining step prior to dimerization to the Cu''Cu'™
bis(p-oxido) dicopper intermediate is suggested. The intercept
in the kg, vs ¢(O,) plot (Figure 3B,i) indicates the reversible
formation of the dinuclear intermediate, which then irrever-
sibly decays in the course of subsequent hydroxylation. We
reported a related kinetic scenario previously.”

DFT computations employing the BLYP functional were
used for further mechanistic scrutiny (Figure 4). This
functional has shown excellent performance for thermody-
namic and kinetic properties of bis(u-oxido) dicopper systems
in earlier work, >~ Starting from monomeric I1, O, is
coordinated via (spin conserving) associative ligand exchange.
The resulting triplet Cu'' superoxido complex I3 is unreactive

A. Proposed mechanism for the hydroxylation of (R,R)-2b using Cu’ and O,
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N W multiple staps / INT fate of the. W oH ";
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B. Time resolved UV-vis spectra of the reaction of (R,R)-2b using Cu’ and O,
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Figure 3. (A) Proposed mechanism for the hydroxylation of (R,R)-2b using Cu'/O, in acetone. (B) Time-resolved UV—vis spectra of the reaction
of [Cu((R,R)-2b)]* (5.10 X 107" mol L™") with dioxygen (5.72 x 107 mol L™')"® in acetone at —82 °C over a period of 7.5 s. The inset displays
the time-dependent change in absorbance at 415 nm (blue, experimental fit; red, exponential fit). (B, i) Change of k,,, at —82 °C in dependence of
the O, concentration; (B, ii) Eyring plot obtained from the k, values determined between —82 and —52 °C; (B, iii) activation parameters
obtained from the Eyring plot; (B, iv) interpretation of the kinetic observations.
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Computed reaction pathway for the hydroxylation of 1-acetyladamantane with O, starting from [Cu((R,R)-2b)(MeCN)J*
I+ e t v I
* N OH
~NCMe U -0, U P
+0; N o - N o
—MeCN /E )J\.@N
n 2z 3 "
0.0 13 49 68 28 382 330 492 336
(0.000) (0.989) (2.006) 0.949) (2.005) i#17 o ©.000)  (2.005)
(0.000)  (2.005)
+ (G0 ]MeGN |
I
\ ooz \ oo \ \ ¥ ;o e
N N, N A

A/
N,
Oyl = AN
S cu'Z 1 Seul
o
N w :

\
N
& Ad”

" M
) —
f‘@ g~ ~MeCN S
is "
29 13 -1 a7 52 0z -11 -08
(0897) (2006) (0.361)  (2.005) 119 4 (0.000)  (2.005)
(©0.516)  (2.005)

v v 2‘_ \ v \ v .
O8I0 O4C0 OS50
] ¥ ¢ cul
L N S
Mv/ o \'f' o Ny o
. S PN é N

Ts3 [] 54 19
09 121 108 24 -24 42 438 464
242 is28 (0.000) (2.019) i356 845 (0483) (2.006)

(0.000) (2016) (0.692) (2.034) |

21’ oo e
O A0
ol cu
. W HET Sy
| 5 |
- A~
TS5 no TS6 m
a1 440 507 564 a0 -s42 468 -666
057 11085 (0.396)  (2.004) ) 7 (0.865) (2.004)

(0.573) (2.004) (0.399) (2.008)

Figure 4. Computed reaction pathways for the C—H activation of 1-acetyladamantane with O, starting from [Cu((R,R)-2b)(MeCN)]; relative
Gibbs free energies (AG™ in kcal mol™'), imaginary frequencies of transition modes (cm™") and (8%} expectation values for singlet (black) and
triplet (blue) species at the CPCM-BLYP-D3B]/def2-TZVP(SDD)//BLYP-D3B]/def2-TZVP(SDD) level of DFT (solvent: MeOH).

toward hydrogen atom abstraction (A*G > 35 keal mol™").¥ preferred over abstraction of the RH atom with an effective
This is consistent with several earlier studies, in which reaction barrier of 9 vs 13 kcal mol™' relative to singlet I8.
mononuclear Cu" superoxido complexes have been shown to Following the intrinsic reaction coordinate (IRC) of “TS4
activate only moderately strong C—H bonds with bond reveals a barrierless OH rebound on the product side, leading
dissociation enthalpies (BDE) below 80 kcal mol™, such as to the strongly exergonic (S)-isomer I9 (Figure 5). An intrinsic
formylglycine, 1-benzyl-14-dihydronicotinamide, or 9,10-dihy- bond orbital analysis®** of the I8 — STS4 — 19 reaction step
droanthracene.'""*~*" With BDE > 95 keal mol™',”' C—H indicates initial hydrogen atom transfer, followed by intra-
bonds in adamantanes resist activation by [CuO,]" species. molecular electron transfer from the resulting carbon radical to
Instead, association of I1 and I3, with concomitant loss of one of the copper ions with almost synchronous OH™
MeCN, leads to the dinuclear Cu"Cu" peroxido complex I6. rebound; this sequence of electronic events collectively
Low barrier isomerization via TS2 leads to side-on bound 17. represents an oxygen atom insertion into the C—H bond (cf.
Hence, up to this point, O, binding as well as dimer formation Section 3.3.5 in the Supporting Information for details). This
represent a dynamic equilibrium, with close-lying singlet and irreversible step introduces enantioselectivity: The alternative
triplet states for the dinuclear part. O—O cleavage, then, leads ReH transfer via ®*T$4 is kinetically disfavored by 4 kcal mol™,

to the experimentally observed Cu™Cu'™ bis(u-oxido) key probably due to steric congestion and less effective overlap of

intermediate I8. This process is favored on the singlet surface the o(C—H) orbital with the ¢*(O—0Q) orbital (a detailed
(A*G = 5 vs 16 keal mol™" for the triplet process). Hydrogen analysis is provided as Supporting Information, cf. Section
atom abstraction of the H atom via “TS4 is kinetically 3.34). Subsequent proton shift toward the bridging, more

25695 https://doi.org/10.1021/jacs 4c07777
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Figure 5. Energy profile abtained from IRC calculations on singlet
S84 connecting I8 with 19, illustrating the nonsynchronous
concerted character of the hydroxylation step.

basic oxygen atom and Cu—O bond formation resulting in I11
represents a rapid, exergonic sequence of steps. The overall
scenario is in accordance with previous studies on aliphatic
hydroxylatmn involving CuCu"™ bis(g-oxido) [Cu,0,]**
complexes.” """

Reactions with Hydrogen Peroxide. Compared to the
results obtained with (R,R)-2b, the hydroxylations of (R)-2c
and 2-MPy appeared generally more robust under various
conditions, but using Cu'/H,0, results in a significantly lower
mass balance than the reactions with Cu'/Q, or Cu"/H,0,. It
is also noteworthy that (R)-2c and 2-MPy demonstrate similar
reactivity, irrespective of the additional methyl group in (R)-
2¢, which we expected to have a drastic influence on the
reaction based on previous studies.’""****" The best results
were achieved in methanol under all three conditions, but
Cu'/H,0, conditions stand out, with conversions up to 64%
and er up to 72:28. HFIP did not have any advantages in
comparison to MeOH. Acetonitrile was the most unproductive
solvent, probably precluding the binding of O, or H,0,. The
finding that MeOH outperforms solvents commonly used in
clip-and-cleave chemistry i.e., acetone, DCM, and
THE,""™'%%* was quite unexpected at first. Protic solvents
have long been considered problematic in Cu'/Q, chemistry
since they often quench the central Cu—0O, intermediates
involved in such reactions. Anyhow recent studles demon-
strated that MeOH can support Cu'/O, chemistry"’ * and it was
found useful as an additive in clip-and-cleave reactions.”"*
Also HFIP was productive as a solvent for the hydroxylation of
(R)-2c and 2-MPy using Cu'/O,. Use of H,0,, however, did
not yield good results in HFIP, potentially because HFIP
amplifies the umdlzmg power under these conditions causing
side reactions.” This is supported by the low to modest mass
balance of the reactions in HFIP. In view of the particularly
high conversion observed, we further screened the hydrox-
ylation of (R)-2¢ using Cu'/H,0, in MeOH (Table 3). The
key findings were that (i) the reaction time can be reduced to §
min, (ii) only 1 equiv of H,0O, is sufficient to get close to the
maximum observed conversion, (iii) neither addition of 2
equiv of Cu" nor addition of HFIP improved conversion, (iv)
use of organic peroxides as oxidants resulted in very low

25696

Table 3. Screening of Various Conditions for the
Hydroxylation of (R)-2c

(1) Cu'(OTf)z, MeOH
(2)mudani 5min, T

=N  N=
Y/ (3)HCl workup
(R)-2c
conv. er
entry  equiv Cu(OTf), equiv H,0,  T/°C  (mb) (S/R)
1 1 1 t 65 (78)  70:30
21 2 rt 71 (81)  72:28
3 1 6 rt 72 (83)  71:29
4 1 (1% HFIP)* 6 rt 66 (75)  72:28
5 1 (10% HFIP)* 6 t 60 (71)  73:27
6 2 6 rt 65 (81)  72:28
71 6 50 70 (82)  71:29
8 1 6 0 60 (76) 7228
9 1 6 -30 63 (81) 71:29
o 1 6 equiv 3(74)
CumOOH”
n o1 6 equiv rt 3(74)
BuOOH”
12 1(1equiv TEA) 6 t 27 (29)  79:21
13 1 (1 equiv 6 rt 32(35) 8218
NMe,OH)

“With respect to solvent volume. *Instead of H,0,.

conversion, but rather high mass balance, (v) temperature
variation does not result in significant changes.

We considered deprotonation of H,O, a potentially useful
step aiding the formation of reactive hydroxylating Cu'
intermediates such as mononuclear hydroperoxido or peroxido
complexes, or dinuclear species. 252659 1n contrast, we found
that the addition of a base significantly decreases conversion
and mass balance (Table 3; entries 12 and 13). It thus appears
that additional base causes a mechanistic change leading to
unproductive side reactions.

The bottleneck for the generation of higher er was found to
be the partial racemization of ligand (R)-2¢ (er = 26:74)
during its synthesis, which naturally limits the er of P2 (cf. SI
Figure 56). We first suspected the purification by kugelrohr
distillation at 160 °C to be the problem and attempted a one-
pot hydroxylation using the unpurified ll%md immediately after
synthesis for hydroxylation under Cu'/H,0, conditions in
MeOH. We isolated the product in 63% yield with 79:21 er.
Increase of the latter by approximately 7% demonstrated that
the azeotropic distillation in toluene might have a more
significant influence on the er. We consequently changed the
solvent to benzene, which has a lower boiling point than
toluene. After azeotropic distillation overnight, P2 was isolated
in 29% yield and 93:7 er, in line with our reaction temperature
hypothesis. Longer distillation times did not change the yield
but lowered the er. In DCM, the reaction gave P2 in 36% yield
and 96:4 er after 4 days (Scheme 5). We thus established a
convenient one-pot reaction in which DCM is readily distilled
off after ligand formation and methanol is added to redissolve
the crude ligand. Subsequently, Cu(OTf), and H,0, are added
to the mixture to afford the hydroxylation after 5 min of
stirring (Scheme 5).

‘We were unable to obtain crystals of Cu”" complexes
bearing (R,R)-2b as a ligand. However, starting complexes

/1
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Scheme 5. (a) Initial Isolation of P2 from Hydroxylation of (R)-2¢; (b) Isolation of P2 via One-Pot Hydroxylation of 2“

One-pot hydroxylation of 2 to P2

(o]

(a) cat. BF3- Et,0, toluene, 16 h,
Dean-Stark

(b) cat. BF5- Et;0, DCM, 4 d,
Dean-Stark

—N N=
I,
(a) isolated 64%
74:26 (R:S)
(b) not isolated
DCM removed in vacuo

(1) 1 equiv. Cu'(OTf),, MeOH
(2) 6 equiv. H;O; Smin, r.t.
3) HCI workup

isolated P2
(a) 64% (41% overall)
72:28 (SR) . OH

(b) 36% overall
96:4 (S:R)

“ORTEP plot of the molecular structure of P2. Carbon-bound H atoms were omitted for clarity and ellipsoids are drawn at 50% probability.

[Cu";((R)-2¢),(u-OTf),(OTf),]

Figure 6. ORTEP plots of the molecular structure of [Cu,((R)-2c),(y-OTf),(OTf),]. Anions and hydrogen atoms have been omitted for the sake
of clarity. Ellipsoids are drawn at 50% probability. The blue and orange boxes indicate a zoomed-in view of the molecular structure.

[Cu(2-MPy)(MeCN)]OTY, [Cu,(2-MPy),(u-OTf),(0Tf), ]
(cf. SI), and [Cu,((R)-2¢),(u-OTf),(OTf),] were analyzed
by single crystal X-ray diffraction (SC-XRD) (Figure 6).
[Cu(2-MPy)(MeCN)]JOTf crystallized as trigonal planar
monoacetonitrile complex, which is very common for Cu'
complexes with bidentate ligands generated from tetrakis-
(acetonitrile)copper(1) salts (cf. SI)."”**** The crystallization
of a Cu' complex bearing ligand (R)-2¢ was not successful, but
considering the similar reactivity to 2-MPy, the same

coordination sphere can be assumed. Interestingly, Cu"!
complexes bearing 2-MPy and (R)-2c crystallized as triflate-
bridged dimers. In both complexes, the Cu'' centers possess a
square pyramidal coordination sphere with the pyridyl N atom
coordinated in the axial position and the imine N in the
equatorial position. Furthermore, three triflate anions are
coordinated in the equatorial plane, of which two form a bridge

to the other Cu' center. This coordination pattern is quite

https://doi.org/10.1021/jacs 4c07777
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uncommon for Cu! complexes and might result from the high
steric demand of the adamantyl residues.

We investigated the formation of the intermediates
responsible for the hydroxylation of 2-MPy and (R)-2¢ by
low-temperature stopped-flow UV—vis spectroscopy in MeOH
using Cu''/H,0, (cf. SI). At —82 °C, the rapid formation and
decomposition of an intermediate gives rise to a signal at 345
nm (£3350m = 1.7 mM ™' em™; Figure 7). Signals in this region

Time resoived UV-vis spectra of the reaction of 2-MPy using Cu” and H,0,

f‘ n'-hydroperoxido
O'al H w08
4§
06 . Sos
g — o Asics = 345 nm
2 /) 2
é 04 proposed imtermediate () 4| Ey450m = 1.7 MM~ em™!
2 \ 0 10 20 30 40 50
time (s)
0.2
|
0s 50s
0.0 - —
400 500 600 700

wavelength (nm)

Figure 7. Time-resolved UV—vis spectra of the reaction of [Cu,(2-
MPy),(u-OTF),(0TH),] (496 x 107* mol L) with H,0, (5.15 x
107 mol L™1)" in MeOH at —82 °C over a period of 50 s. The inset
displays the time-dependent change in absorbance at 345 nm (blue
experimental; red exponential fit).

are commonly attributed to Cu™ hydroperoxido intermediates
formed in reactions with H,0,.°°~>" The path is dictated by
the directing group as previously outlined during the
comparison of oxygenations by the Schindler group
(dinuclear)' ™" using aliphatic DGs and the oxygenations
by the groups of Garcia-Bosch and Baran (mononuclear) using
aromatic DGs.”""” However, the signal at 345 nm could also
be interpreted as other intermediates such as Cu""Cu" side-on
peroxido, or Cu"Cu" bis(u-hydroxido).*** A more detailed
study is required to decipher the correct mechanism.

B CONCLUSIONS AND OUTLOOK

In this article, we report an enantioselective variant of the clip-
and-cleave concept by the application of chiral diamines as
directing groups. The 2-hydroxylation of cyclohexanone with
O, resulted in rather low conversion. In contrast, the
enantioselective 2-hydroxylation of 1-acetyladamantane poses
an interesting path to enantiopure 1,2-disubstituted adaman-
tanes and provides unique and easy access to this
pharmacologically important class of compounds. Most
notably, we were able to obtain (R)-1-acetyl-2-adamantol
from (§,8)-2b using Cu'/O, with a yield of 37% and an er of
>99:1. Furthermore, in a combined DFT and low-temperature
stopped-flow UV—vis kinetic study, we demonstrated that the
reaction proceeds via multistep formation of a bis(u-oxido)
intermediate followed by a highly selective concerted C—H
bond hydroxylation step.

The hydroxylation can also be run with H,0, as a one-pot
reaction via (R)-2c. In this way, P2 can be isolated with a 36%
yield and er of 96:4. Spectroscopic data was collected for the
hydroxylation of 2-MPy and (R)-2¢ using Cu'/H,0, in
MeOH using low-temperature stopped-flow UV—vis measure-
ments. The spectroscopic data indicates that the hydroxylation

25698

proceeds via a copper hydroperoxido intermediate, as
previously described in the literature.”> However, more
detailed studies are required for detailed mechanistic insight.

In future investigations, we plan the application of transient
directing groups on enantioselective clip-and-cleave hydrox-
ylations and the development of a catalytic concept.”’
Transient directing groups have already been successfull
applied in Cu-catalyzed clip-and-cleave-like sulfonylations.®”
This would significantly improve the practicability of the
concept and provide access to more affordable 1,2-difunction-
alized adamantanes. The one-pot hydroxylation via (R)-2c
represents an encouraging example in this context.
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